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 The following research explores the continuous bending under tension (CBT) incremental 
forming process effects on four dual phase (DP) steels: DP 590, DP 780, DP 980, DP 1180. A 
parameter study was conducted, finding the ideal parameters for increased elongation to fracture 
compared to tension of over five times for DP 1180 and DP 980. These parameters were found to 
be a normalized bend depth of 3.5 and a crosshead pull speed of 1.35mm/s. Using these parameters, 
following tests were conducted on all four steels by stopping the CBT process before fracture at 
2, 4, 6, 8, and some even at 10 and 12 CBT cycles. Smaller tensile specimens were machine from 
these CBT processed strips and uniaxial tension tests were performed to study the residual ductility 
of CBT testing. The strength of all steels increased with increased cycle count by 200-400 MPa, 
however the ductility decreased by over half. Using neutron diffraction, the texture evolution of 
the CBT process was explored. Results showed a preferred orientation in the {011} fiber in the 
pulling direction. This research also proves simulating the CBT process and matching to 
experimental data can be a method for extrapolating post-necking hardening behavior of DP 980 





 There has continuously been a push in the automotive industry to make vehicles more fuel 
efficient. In order to do this, one of the focuses is on the materials used. However, there is a concern 
about making materials, specifically metals, thinner and stronger due to the potential for decrease 
in safety. The main objective of continuous bending under tension (CBT) is creating an 
incremental forming process that uses all of the ductility in the material, rather than localization of 
strains, which is the result of the bulk of current forming processes. In doing so, CBT processed 
metals are thinner and stronger, although they are less formable after processing. In the following 
research, there is a concentration on automotive advanced high strength steels, and the effect of 
CBT processing macroscopically in the resultant material behavior, and microscopically in the 
resultant crystal structure behavior. The CBT process in its current state is not applicable to 
forming in the automotive industry, but by being able to simulate it, post necking behavior of these 
steels can be established. 
 Due to the nature of the machine being custom built for the CBT process, some calibration 
and compliance tests must be performed. First, a simple tensile test was performed on the CBT 
machine and an MTS Landmark 370 servo hydraulic loading-frame with MTS 647 hydraulic grips 
with dual phase (DP) 1180. The specimens were CBT specimens, dimensions defined in Chapter 
1, Figure 4. Both tensile tests were run at quasi-static strain rate of 10-3 1/s. The results in Figure 
1 show good agreement between the two. Therefore, it can be assumed that the CBT machine 
results are reliable. The second necessary test was a compliance test of the CBT machine to 
measure the elasticity of the machine, and correct the results. In order to do this a stiff bar was 
gripped into the CBT machine and pulled to the capacity of the load cells (22.4kN). The measured 
displacement is the displacement of the machine frame. The curve for this test is shown in Figure 
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1. This compliance test is very important because the steels being tested reach forces of up to 
14kN, at which point the machine elastically deforms up to 1.5mm. Two machine compliance tests 
were run to confirm the deflection, and rule out plastic deformation of the machine. 
 
 
Fig. 1. (a) CBT and MTS compared stress strain curves for DP 1180 (b) CBT machine compliance 
curve (c) Effect of CBT machine compliance curve 
 
 In the following chapters, four different automotive high strength DP steels are 
concentrated on to examine the effects of CBT. Chapter 1 focuses on dual phase 1180 steel, 
beginning with the parametric study in order to determine the ideal pull speed and bend depth of 
the CBT machine to create the most amount of elongation of the material before fracture. This 
study shows that with increased bend depth and increased pull speed, the elongation to fracture 
increases to a point. The CBT process is ruled by an ideal combination of pull speed and bend 
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depth parameters. Outside of these ideal parameters, either the tensile force or bending force is 
more prominent, creating a decreased elongation to fracture. DP 1180 is shown to have over five 
times more elongation to fracture over tension. This chapter goes on to examine the material 
behavior of CBT processed DP 1180 throughout the process, performing tensile tests on subsize 
tensile specimens cut from DP 1180 strips after being processed at selected cycles. Simulation of 
these experiments is also briefly shown to compare the fracture location of experiments to strain 
localization of simulation. Chapter 2 continues the same research conducted on DP 1180, but with 
DP 980, DP 780, and DP 590. Significant material characterization using scanning electron 
microscopy and electron backscatter diffraction is discussed with initial materials, and also 
evolution of the material down to the crystal level is presented from results of neutron diffraction. 
Chapter 3 explores CBT tests of AA-6022-T4, DP 1180, and DP 980 through simulation. Because 
CBT creates high strains past what is measureable using tensile testing, extrapolation of the post-
necking hardening curve is required. Simulation results are compared quantitatively to 
experimental results. Lastly, reasons for the correlation of force and bend depth, and force and pull 





Chapter 1:  
Over five-times improved elongation-to-fracture of 1180 dual-phase steel by continuous-
bending-under-tension 
 
This chapter was published as: “Over five-times improved elongation-to-fracture of 1180 dual-
phase steel by continuous-bending-under-tension”, Camille M. Poulin, Yannis P. Korkolis, Brad 




Over five-times improved elongation-to-fracture of 1180 dual-phase steel by continuous-
bending-under-tension  
 
Camille M. Poulin, Yannis P. Korkolis, Brad L. Kinsey, and Marko Knezevic1 
 




This paper reports the main results from an experimental investigation into the improved 
elongation to fracture (ETF) of the advanced high strength steel (AHSS) dual-phase (DP) 1180 by 
subjecting the material to the continuous-bending-under-tension (CBT) process. The investigation 
is carried out using a recently developed testing apparatus, where the specimen flows in a 
reciprocating fashion through a set of three rollers while it is continuously pulled in tension. The 
process parameters such as the roller depth defining the amount of bending and wrapping around 
the rollers, and crosshead velocity applying the tensile force to the specimen are varied to 
maximize the ETF of the material. From the recorded force vs. displacement curves along the 
rolling direction (RD), 45°, and transverse direction (TD), ETF of DP 1180 is found to improve 
with the crosshead velocity and with the bending depth up to a certain level, after which it 
decreases. The optimal parameters of 1.35 mm/s for the crosshead velocity and 3.5 for the 
normalized bending depth improve ETF of the material over five times in every testing direction 
                                                            
* Corresponding author at: University of New Hampshire, Department of Mechanical Engineering, 33 Academic Way, 
Kingsbury Hall, W119, Durham, New Hampshire 03824, United States. Tel.: 603 862 5179; fax: 603 862 1865.  
E-mail address: marko.knezevic@unh.edu (M. Knezevic). 
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relative to simple tension tests. The material under CBT is found to preserve high integrity to large 
plastic strains due to a favorable distribution of deformation as opposed to localized flow followed 
by necking and fracture in simple tension. Moreover, the behavior of specimens that are subjected 
to CBT processing under the established optimal condition is investigated. To this end, the material 
is subjected to CBT processing and then sub-size tensile samples are created from the CBT-treated 
material. In particular, the enhancement in strength and any residual ductility of the material treated 
by CBT are evaluated and discussed.   
 
 







In order to achieve lighter, higher performing, and more crashworthy vehicle structures, 
advanced high strength steels (AHSS) are being developed and incorporated into designs. Premier 
examples of AHSS are dual-phase (DP) steels. Understanding and optimizing of the microstructure 
of DP steels in order to achieve higher strength, work hardening rate and formability, along with 
higher energy absorption during crash loading conditions is ongoing research (Calcagnotto et al., 
2012; Woo et al., 2012). These properties are primarily governed by the volume fraction and spatial 
distribution of martensite and ferrite phases with contrasting mechanical characteristics, as well as 
grain size and crystal lattice orientation distributions per phase. It has been shown that 
simultaneous improvement of strength and ductility in DP steels is possible by distributing the 
phases (Calcagnotto et al., 2011; Rashid, 1981). The deformation of DP steels is highly 
heterogeneous, and, therefore, the overall behavior of DP steels critically depends on the evolution 
of the local mechanical fields among the phases. For example, large ferrite grains suitably oriented 
for crystallographic slip can deform plastically earlier than small ferrite grains (Tasan et al., 2014). 
Severe strain localization followed by void initiation have been observed within large ferrite 
grains, ferrite channels between bulky martensite regions, and at martensite–ferrite phase 
interfaces (Kapp et al., 2011; Sun et al., 2009; Tasan et al., 2014; Woo et al., 2012). As a result, 
these materials can exhibit limited ductility prior to fracture (often less than 10-15%) during sheet 
metal forming operations (Bhadeshia, 2002; Hosford and Caddell, 2011; Nikhare et al., 2011; Shi 
and Gelisse, 2006; Wagoner et al., 2009). Additionally, these materials require high forming forces 
due to their high strength. There is, therefore, a permanent interest to further optimize their 
microstructure aiming at higher ductility and energy absorption during crash loading conditions 
on one hand and at lower energy consumption in their metal forming operations on the other 
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(Bouaziz et al., 2013). The latter fuels the research in conceiving innovative sheet metal forming 
processes. In particular, the accent is on discovering processes that exploit the intrinsic ductility of 
the material throughout the sheet, circumventing localized necking and the early failure that this 
triggers. One such process is continuous-bending-under-tension (CBT), which achieves strain 
levels well above those generally observed in conventional forming limited by necking (Benedyk 
et al., 1971; Emmens and van den Boogaard, 2009a; Zecevic et al., 2016b).  
The beneficial effect of superimposing bending on tension to enhance the elongation-to-
fracture (ETF) of metal sheets was recognized in (Swift, 1948), as well as in sheet forming 
involving drawbeads (Nine, 1978). During CBT processing, the material in the gauge length of the 
specimen is continuously bent and unbent by three rollers. Figure 1 shows a schematic of the 
process and a photograph of the CBT apparatus at the University of New Hampshire (Roemer et 
al., 2018; Zecevic et al., 2016b). The rollers induce bending-under-tension to the region of the 
specimen they are currently engaging. The process could facilitate the material in the form of a 
strip or a sheet to deform with a lower force, as the deformation is primarily achieved through the 
bending process. Moreover, localization of the deformation can be delayed through the CBT 
processing, thus the material can incrementally elongate beyond what can be achieved during 
standard simple tension (ST). For example, the percent elongation at fracture for an AISI 1006 
steel increased from 22% to 290% (Emmens and van den Boogaard, 2009a). Past research for 
AA6022-T4 has shown that the concentrated deformation in the fracture location upon simple 
tension is similar to the deformation over the entire gauge length of a CBT processed specimen 
(Roemer et al., 2018; Zecevic et al., 2016b).  
There are other sheet metal forming processes that produce local deformation, similar to the 3-
point bending effects in CBT. For example, in spin forming, a stationary tool contacts a spinning 
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blank to create an axisymmetric component (Music et al., 2010; Quigley and Monaghan, 2000; 
Wang and Long, 2011). Alternatively, in incremental sheet forming (ISF) a hemispherical tool 
locally deforms the sheet. In both processes, only a small portion of the sheet is plastically 
deformed at each instant. Similar to the CBT process, the strains achieved during spin forming and 
ISF are well above what is possible in standard sheet forming. The CBT process essentially delays 
the localization and necking, and as a result, facilitates a more uniform depletion of ductility 
throughout the sheet as opposed to necking, where the majority of the sheet (i.e., outside of the 
necked region) has ample remaining ductility (Allwood et al., 2007; Emmens et al., 2010; Emmens 
and van den Boogaard, 2009b; Huang et al., 2008; Roemer et al., 2018). If the CBT process is 
interrupted after a certain number of cycles, any residual ductility as well as strength of the material 
can be assessed by secondary tensile tests (Zecevic et al., 2016b).  
In this paper, CBT processing of DP 1180 is investigated through a parametric study using a 
recently built experimental apparatus (Roemer et al., 2018; Zecevic et al., 2016b). To this end, the 
parameter space for CBT processing is explored by varying the normalized bending depth and 
crosshead velocity, i.e., the velocity of the applied tension in Figure 1a, the two main parameters 
in CBT processing. Force vs. displacement curves as a function of the parameters are presented 
and described. The results show that the optimum values for these parameters based on the tests 
conducted are 3.5 for the normalized bending depth and 1.35 mm/s for the crosshead velocity. 
Under these conditions, the ETF of this less ductile material remarkably improves by over five 
times. Moreover, the increased ETF achieved through CBT processing is accompanied by 
decreased applied force. The material is also characterized through uniaxial tension tests, which is 
used as a reference for assessing the behavior in CBT. The tests are performed at three angles with 
respect to the rolling direction (RD) to evaluate the anisotropy. To better understand the kinematics 
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of the process and the development of local stress and strain fields a finite element (FE) simulation 
of CBT is carried out. The predicted localized regions are in good agreement with experimental 
observations of fracture under CBT. Finally, the behavior of DP 1180 sheets upon CBT processing 
to a certain number of CBT cycles is investigated. Here, significant increases in strength are 








Fig. 1. (a) Schematic of the continuous-bending-under-tension (CBT) test/process. (b) A 
photograph of the CBT apparatus at UNH with the main components identified.  
 
2. Material and experiments  
The DP steel investigated in this study is a commercial DP 1180 steel sheet from US Steel’s 
continuous annealing line (2018). This is an auto-body material and, as such, can benefit from the 
enhancement in its ETF. We begin by describing the behavior of the material in ST, including its 
strain rate-dependence. Specimens were machined from a 1.04 mm thick DP 1180 sheet with 
respect to 0° (rolling direction, RD), 45°, and 90° (transverse direction, TD) to the rolling direction 
of the sheet material. Figure 2 shows the ST test results for both engineering and true stress-true 
strain data. While the material has been characterized to exhibit some elastic anisotropy (Deng and 




in terms of the flow stresses. As is evident, the material exhibits high strength and high stiffness 
but the uniform ductility of the material is rather small with engineering strain values < 8% at 
fracture. Some limited dependence with orientation is measured for ETF. The plastic deformation 
in ST is limited by shear localization accompanied with necking followed by fracture, which will 
be depicted later. The narrow localization region experiences very large plastic strain, while the 
remainder of a fractured specimen has a substantial amount of remaining ductility, which is never 
exploited due to the localization (Hosford, 2005). In contrast to ST, the CBT process is set forth 
to exploit ductility of the entire specimen.  
 
Fig. 2. Engineering stress-strain (dashed line) and true stress-strain (solid lines) curves for DP 
1180 along the rolling direction (RD), 45°, and transverse direction (TD) recorded in simple 
tension under a strain rate of 0.001/s.  
 
Due to varying rates of the material deformation during CBT processing, the strain-rate 
sensitivity of the material is essential to assess. Thus jump tests, i.e., tension tests where the strain-
rate is varied during the test, were conducted (Hosford and Caddell, 2011). Four strain-rates of 
0.0001, 0.001, 0.005, and 0.01 /s were used. Figure 3 shows the results from the jump test. Based 







⁄ , where 1 and 2 represent stress and strain values before and after, respectively, the 
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strain-rate jump in the test. The strain-rate sensitivities that were calculated from this test are 0.008, 
0.006, and 0.008 respectively with the jumps progressing from the lowest to the highest strain-
rate. Thus, the DP 1180 used in this research is not considered to be overly strain-rate sensitive in 
this range of strain-rates. Consequently, the adjustable process parameters such as the crosshead 
velocity and the carriage speed influencing the rate of deformation are not expected to appreciably 
influence the recorded load levels during CBT testing, from the material properties point of view.  
 
Fig. 3. Monotonic true stress-true strain curve for simple tension under 0.001 /s strain rate along 
with a true stress-true strain curve with jumps in strain rate from 0.0001 to 0.001, from 0.001 to 
0.005, and from 0.005 to 0.01 /s for DP 1180 along TD.  
 
The custom experimental apparatus for CBT has been recently designed and presented in 
(Roemer et al., 2018; Zecevic et al., 2016b). For completeness, some of the key features are briefly 
summarized here. The machine consists of four subsystems: (1) the moving carriage, (2) the 
stationary roller assembly, (3) the base, and (4) the data-acquisition and control hardware and 
software. The diameter of the rollers is D = 25.4 mm, imparting a nominal strain of 3.8% per roller 
engagement if a sheet of 1 mm wraps around it. The axes of the two lower rollers are L = 54 mm 
apart. The top roller is adjustable in the vertical direction, so that the bending depth, δ, can be 
varied (Figure 1). The sensors in the apparatus consist of two donut-style Futek load-cells, one 
tension (LCF 450, capacity of 22.24 kN) and the other compression (LTH 500, capacity of 22.24 
14 
 
kN). The tension load-cell is attached to the actuator and the compression one to the carriage. The 
hydraulic actuator has a Balluff Micropulse BTL7-A501-M0305-Z-S32 position sensor with a 
resolution of 5 μm. Finally, the limit switches are positioned at the end of the stroke, signaling the 
reversion of the moving carriage direction. One of these limit switches is attached to the moving 
crosshead of the hydraulic actuator, and thus enables the progressive growth of each stroke, as the 
specimen elongates during CBT. The other one is attached to the roller assembly. 
While the studies related to CBT available in the literature relied on universal testing 
machines equipped with a set of traversing rollers (Benedyk et al., 1971; Emmens and van den 
Boogaard, 2009a), the apparatus used in the present study has stationary rollers mounted on the 
machine base, while the specimen and its axial loading system is reciprocating. The nut of the ball-
screw is attached to the carriage, so that the latter can reciprocate during the CBT experiments. 
The maximum practical carriage velocity is 66 mm/s, which is used in the present study. The 
advantage of our setup is in the fixed rollers, i.e., direct observation of the material flowing through 
the rollers, which enables the use of Digital Image Correlation (DIC) to study the strain 
accumulation per cycle, in real time. The DIC measurements will be reported in future works. 
Moreover, our apparatus is capable of processing sheets in addition to the strips which are studied 
here.  
Figure 4 shows a schematic of the CBT specimen with different deformation regions 
identified. These correspond to how many bending cycles the material in the region undergoes 
with each CBT cycle. Near the grips, the material only experiences one bending-unbending per 
cycle (1x), while the material in the center of the specimen is bent and unbent three times (3x) 
through the three rollers used in the CBT process. The gauge length of our CBT specimens is 
appropriately chosen to be 200 mm. Basically, the length of the gauge section was increased from 
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the standard ASTM E8 tensile specimen so the rollers never exit it while producing the 1x, 2x, and 
3x deformation regions. The CBT specimens were machined from the 1.04 mm thick DP 1180 
sheet along RD, 45° and TD of the sheet material.  
Fig. 4. Initial CBT specimen with dimensions in millimeters. The deformation regions (1x, 2x, and 
3x) are indicated.  
 
3. Results  
Figures 5 and 6 show the force vs. displacement curves recorded during CBT along RD, 45°, 
and TD for varying normalized bending depth with sheet thickness (δ/t) and for varying cross head 
velocity, respectively. The bending depth values are normalized to remove dependence of the 
results on the sheet thickness and ranged from 2 to 4.25. The crosshead velocity was varied from 
0.6 mm/s to 2 mm/s, while the velocity of the carriage (i.e. roller-specimen relative velocity) was 
kept constant at 66 mm/s. Also included in Figure 5 are the ST curves along the three testing 
directions. The ST curves are recorded on identical specimens to those used in CBT. In fact, given 
that the ST specimens experience uniform elongation throughout their uniform section, while the 
CBT specimens receive the full number of CBT cycles only in the 3x region (see Figure 4), the 
comparisons of ST and CBT in Figure 5 is biased against the CBT results. As is evident from the 
comparison between the ST and CBT results, the axial force necessary to sustain the CBT process 
is significantly lower than the one needed to cause plastic flow in ST. More importantly, the ETF 
in CBT is significantly enhanced over that in ST. While the ST curves show typical work-
hardening with a decreasing slope, the CBT curves exhibit a quasi-periodic pattern of spikes, 
which will be explained later. 
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 The bending depth, determines the extent of specimen wrapping around the rollers and, 
consequently, the amount of bending strain. This parameter has the effect of lowering the required 
force to deform the specimen for a given crosshead velocity. Results in Figure 5 are for the velocity 
of 1.35 mm/s. It is observed that the period of force is nearly constant, while the amplitude in force 
scales with the bending depth for the constant crosshead velocity (see Figure 5d). With lowering 
crosshead velocity for a fixed δ/t value of 3.5 (Figure 6), the measured force decreases in 
magnitude, meaning that more of the deformation is caused by bending than tension. With higher 
crosshead velocities, there is more uniaxial tension deformation which causes higher forces and 
allows more displacement before fracture. The optimal crosshead velocity of 1.35 mm/s is 
observed. While the amplitude in force is nearly constant with varying crosshead velocities for the 
constant bending depth, the period varies (Figure 6d). It is interesting to point out that as the 
deceleration and acceleration time is constant for these tests, increasing the crosshead velocity 
means that the strain rate during these times, when the CBT tends towards the ST test, is also 
increasing. Still, no signs of strain rate dependence are visible in Figure 5d, confirming the limited 








Fig. 5. Force-displacement curves for simple tension and CBT tests along (a) RD, (b) 45°, and (c) 
TD for a crosshead velocity of 1.35 mm/s and varying normalized bending depths as indicated in 
the legends. Note that the greatest ETF is measured for the 3.5 normalized bending depth. (d) Insert 
showing the evolution of force normalized by the corresponding peak value and shifted 
horizontally to a common point for the selected normalized bending depths from (a). While the 
















Fig. 6. Force-displacement curves for CBT tests along (a) RD, (b) 45°, and (c) TD under a 
normalized bending depth of 3.5 and varying crosshead velocities as indicated in the legends. Note 
that the greatest ETF is measured for the 1.35 mm/s crosshead velocity. (d) Inset showing the 
evolution of force normalized by the corresponding peak value for the selected crosshead velocities 
from (c). While the amplitude is nearly constant, the period varies with the crosshead velocity for 
the constant bending depth. 
 
 Figure 7 summarizes the effect of process parameters on ETF during CBT testing for DP 
1180. The ETF in CBT normalized by ETF in ST is shown for all three directions studied. As is 
evident, there exists an optimal bending depth where the material is not under- or over-bent, and 
thus, more displacement before fracture (i.e., a higher ETF) is possible. If under-bent, the material 
is subjected to primarily uniaxial tension and thus fracture occurs at a lower displacement. If over-
bent, additional bending strains are induced causing lower displacement values. Moreover, the 
effect of friction is likely more significant when the wrapping around the rollers increases. The 








Fig. 7. Elongation-to-fracture (ETF) in CBT normalized by ETF in simple tension (ST) along (a) 
RD, (b) 45°, and (c) TD. The unity horizontal line which represents simple tension is also shown 
as a reference. Normalized bend depth of 3.5 and crosshead velocity of 1.35 mm/s result with the 







Figure 8 shows the peak force occurring during the CBT tests as a function of normalized 
bend depth and crosshead velocity along the three studied directions. Note also that the plateau 
force, where most of the deformation accumulates, is well below the peak force. The drop in the 
force is approximately linear with increasing bend depth and increases with the velocity. The 
maximum force recorded in tension at UTS is greater than any force recorded in CBT. Moreover, 
these results reveal that the plastic flow occurs mainly during the bending-unbending cycles since 
the axial force is even lower than the initial yield limit of the material for most of the testing 
conditions.  
In summary, the CBT loading mode inhibits the localization of deformation and the 
appearance of necking. Hence the deformation can proceed to large strains, allowing the ductility 
to be depleted uniformly along the specimen. Eventually though, the allowable deformation in the 







Fig. 8. Peak force occurring during CBT tests as a function of normalized bend depth and 
crosshead velocity along (a) RD, (b) 45°, and (c) TD. Drop in the force is approximately linear 
with increasing bend depth and is sensitive to the crosshead velocity. Horizontal lines which 
represent the UTS and yield force values in simple tension are also shown as references. The 
maximum force recorded in tension at UTS is greater than any force recorded in CBT for all cases, 
and the yield force is greater than any force recorded in CBT for higher bending depths. 
 
Figure 9a shows photographs of specimens failed in CBT under a normalized bending 
depth of 3.5 and a crosshead velocity of 1.12 mm/s after 10.5 cycles (top) and in ST (middle) along 
TD. An undeformed specimen (bottom) is also included as a reference to assess the ETF in CBT 
vs. ST. The effect of CBT on ETF is considerable. Additionally, Figure 9b shows a photograph of 
specimens processed by CBT under a normalized bending depth of 3.5 and a crosshead velocity 





CBT is such that it causes the specimens to permanently bend, which will be explained later. Also, 
the orientation of the fracture has changed, from the customary localized neck along the plane 
strain direction (54o, for an isotropic material) in the ST specimen, to perpendicular to the principal 
stress in the CBT one. 
 
Fig. 9. (a) Comparison between failed specimens in CBT under a normalized bending depth of 3.5 
and a crosshead velocity of 1.12 mm/s after 10.5 cycles (top) and ST (middle) along TD. An 
undeformed specimen (bottom) is included as a reference to assess the ETF in CBT vs. ST. (b) A 
photograph showing the shape and elongation of specimens after CBT processing under a 
normalized bending depth of 3.5 and a crosshead velocity of 1.35 mm/s as a function of CBT 
cycles along RD (2, 4, 6, 8, and 10 from bottom to top).  
 
4. Discussion 
Results in terms of the effect of CBT process parameters, namely the bending depth and 
crosshead velocity, demonstrate the remarkable effect of CBT on the ETF and the axial force level. 





lowest value of the bending depths, the strip does not wrap well around the rollers, and as a result, 
the added bending strain per CBT stroke is small. Therefore, the strip is exposed to more ST. 
Increasing the bending depth improves the wrapping and thus increases the amount of bending 
strain per stroke. However, excessive bending can cause the strip to fail sooner. In summary, 
increasing the normalized bending depth and increasing the crosshead velocity increases the ETF, 
until a peak enhancement is reached. Furthermore, increasing the crosshead velocities and 
lowering the normalized bending depth increases the force levels during CBT. Under a normalized 
bending depth of 3.5 and crosshead velocity of 1.35 mm/s, ETF of DP 1180 improves over five 
times compared to ST for every tested direction.   
To better understand the kinematics and the evolution strain fields during CBT, the process is 
simulated using finite elements. Figure 10 shows the simulation setup in Abaqus and axial strain 
contours developing during CBT in the strip under a normalized bending depth of 3.5 and 
crosshead velocity of 1.12 mm/s. The roller velocity profile recorded during the experiment is 
applied in the simulation. The profile will be shown and explained shortly. The initial mesh of the 
½ FE model consists of 9831 C3D8R (continuum three-dimensional eight nodal with reduced 
integration) elements. After performing a mesh-sensitivity study, we observed that further 
refinement of the mesh leaves the results unchanged. Adding more elements would only increase 
the computational time involved in the simulation. The simulations were carried out using rate-
independent J2 plasticity for the given true stress-true strain curve for DP 1180 along TD. The ST 
curve was appropriately extrapolated to match the CBT load vs. displacement data. The axial strain 
along the specimen varies between the 1x, 2x and 3x regions, with the latter achieving the highest 
strain levels. Noticeably, axial strain concentrates at the boundary between 2x and 3x deformation 
regions, which is where failures in experiments are observed as well. We will refer to this region 
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as the hot spot. Axial strain (LE11) is predicted to accumulate with CBT cycles from 0.039 in the 
first CBT cycle, over 0.085, 0.135, 0.185, 0.236, 0.288, 0.347, 0.405, 0.47, and 0.557 in subsequent 
cycles to 0.577 in the last cycle (10.5). These values were taken from the central region (in the 
middle of the 3x region) of the sample. The corresponding strain levels in the hot spots are 0.051, 
0.098, 0.146, 0.2, 0.255, 0.31, 0.369, 0.434, 0.507, 0.614 and 0.704.  
The width and thickness of the failed CBT specimen in Figure 9a were measured using a 
micrometer for each deformation region (1x, 2x, and 3x). From multiple measurements, the 
average width is 11.19 mm, 10.29 mm, and 10.01 mm for 1x, 2x, and 3x deformation regions, 
respectively. The average thickness is 1.03, 0.871, and 0.827 for 1x, 2x, and 3x, respectively. The 
measurements reveal that the regions indeed experience different levels of plastic strain. As a 
result, geometric discontinuities develop primarily at the locations where the deformation regions 
meet. The most severe stress/strain concentrations develop at the location where 2x and 3x 
deformation regions meet. We again have observed that most of the tested samples fail around that 
location. Figure 11 shows the comparison between the experimentally deformed specimen from 
Figure 9a and the FE simulation from Figure 10d. As is evident, the predicted localization region 
in axial strain is the location of fracture.  
Figure 9a shows that the fracture of the CBT specimen is perpendicular to the loading direction, 
with little to no signs of necking. This corroborates the earlier statement that CBT suppresses the 
necking instability. On the other hand, the ST specimen failed in the typical localized neck fashion, 
with the neck inclined to the loading direction at a ~54 degree angle. 
It is worth mentioning that a specimen undergoing CBT, depending on its geometry, can 
experience from plane strain to simple tension stress/strain state. Without bending, the narrow 
specimen geometry like the strip used in the present work is in simple tension (Roemer et al., 
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2018). However, if the strip specimen is replaced with a much wider specimen like a sheet, the 
stress/strain state in the sheet can approach plane strain tension. Depending on the sheet width 
relative to the roller radius, bending of a sheet metal is generally expected to be plane strain, at 
least away from its free edges. 
Fig. 10. Finite element simulation setup and axial strain contours developing during the CBT 
process simulated in Abaqus under a normalized bending depth of 3.5 and crosshead velocity of 
1.12 mm/s: (a) initial mesh of the ½ FE model consisting of 9831 C3D8R elements, and three 
instances during CBT simulation: (b) upon rollers first engagement (before pulling and 
reciprocating), (c) in middle of the process (after 5.5 CBT cycles), and (d) at the end of the process 
(after 10.5 CBT cycles). The evolution of the 3x deformation regions is indicated in (c) and (d) by 











Fig. 11. Comparison between experimentally deformed specimen from Figure 9a and FE 
simulation from Figure 10d. The axial strain contours show the strain localization regions.  
 
To provide better insights into the kinematics of the process and the shape of the curves 
shown in Figs. 5 and 6, we superimpose the force-time and roller velocity-time data in a single 
plot. Figure 12 shows such a plot combining the measured and simulated data. The simulation is 
regarded to capture the measured data very well, considering the simple J2 plasticity constitutive 
description of the material. The predictions could be improved by involving more accurate material 
models such as those based on crystal plasticity theory incorporating the kinematic hardening 
effects (Zecevic et al., 2016a).  
At the beginning of each stroke, the carriage accelerates linearly and then attains a constant 
velocity, which is maintained for the majority of the stroke (Figure 12). It then decelerates linearly 
until it stops; this profile is repeated during every stroke. The force spikes occur during the 
deceleration and acceleration phases. Essentially, the bending is momentarily paused, and the 
specimen approaches the tensile condition. Hence the force raises, to meet the force required for 
plastic flow under ST. However, soon enough the carriage starts moving in the opposite direction, 
resuming the CBT loading condition, which manifests itself in the force drop. The height of the 
spikes scales with the amount of bending (see Figure 6d). Between the peaks there is roughly a 
plateau in the force as the deformation is near steady state. Note that there is a slight difference 
between the force values for every other plateau. This is caused by the material either moving 
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towards (lower plateau force) or away from (higher plateau force) the measuring load cell. 
Furthermore, Figure 12 shows that as CBT progresses, the load-bearing capacity of the specimen 
is reduced, despite the additional work-hardening that is expected to occur. This must be attributed 
to the contraction of the width and thickness, as the specimen elongates. 
 
 
Fig. 12. Comparison between measured and simulated time evolution of force along with the roller 
velocity profile during CBT under a crosshead velocity of 1.12 mm/s and a normalized bending 
depth of 3.5 along the TD. The insert is a magnified snapshot highlighting the correlation between 
the force and velocity profiles during CBT.  
 
5. Strength and residual ductility after CBT processing 
Figure 9b shows the shape of interrupted CBT strips treated to a certain number of CBT cycles 
(where a CBT cycle is defined as the rollers traversing the entire gauge length and then back again). 
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After the specified number of cycles was achieved, the specimen was removed from the CBT 
machine. The specimens were found to have an increasing amount of residual curvature with the 
cycles when removed from the CBT machine (see Figure 9b), which indicated a non-symmetric 
process induced stress profile. The curved CBT specimens were fixtured to machine sub-size 
tensile specimens using wire-EDM for subsequent ST, as schematically shown in Figure 13. The 
sub-size specimens were machined from the 3x deformation region.  The bending stress in the 
specimens is relatively small, as could be verified easily by straightening the curved specimens by 
hand before installing them in the tensile testing machine. If the specimens are released before ST 
testing, they return to similar curvatures before straightening. 
The CBT experiments were used to process the material and probe its response past the limit 
of uniform deformation in ST. The motivation of such an experiment is four-fold: (1) increase 
strength of the material, (2) evaluate residual ductility for the increased strength, (3) change the 
material microstructure for enhancing material properties upon an appropriate heat treatment, and 
(4) extrapolate the stress-strain behavior to larger strain levels than achieved during ST.  
Even though some bending stress left from the CBT pre-straining is present in every specimen, 
we tested the sub-size specimens in ST, thus superimposing the tensile stress and strain state over 
the residual stress. Engineering stress-strain and true stress-strain curves measured along RD, 45°, 
and TD are presented in Figure 14. The strength of the material treated by CBT increases over the 
as-received material and with the CBT cycles, while the residual ETF reduces. Table 1 presents 
Young’s modulus (E), yield strength (YS), ultimate tensile strength (UTS), and R-ratio obtained 
from ST tests for all specimens. The elastic slope was taken from the curves between 200 MPa 
and 900 MPa because stresses below 200 MPa were slightly nonlinear due to sample straightening. 
The elastic slope of the material increases but after 10 CBT cycles it drops, likely because of 
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significant damage is accumulated in the material. Note that 10 cycles were not achievable in the 
TD samples without failure in the CBT tests. Interestingly, texture and microstructure in the 
material evolve such that the R-ratio improves, i.e., less thickness strain, upon CBT. R-values for 
the higher CBT cycle tests are not reported since little ductility is achieved after yielding to obtain 
reliable data. Subsequent research will attempt to restore the ductility of the material while 
preserving the R-ratio by appropriate heat treatment. Furthermore, future research will evaluate if 
the post CBT material testing could provide a method for determining the stress-strain behavior of 
a material beyond what is able to be achieved with a uniaxial tension test.  
In closing, we point out that reciprocating rollers or a wavy contour over which the sheet 
traverses could be incorporated into drawing processes, either in the binder area or in the forming 
cavity, in order to take advantage of the enhanced elongation observed in CBT processing.  
 
 
Fig. 13. CBT specimen after deformation along with the sub-size specimen for subsequent ST. 








Fig. 14. Engineering stress-strain and true stress-strain curves based on monotonic ST of sub-size 
specimens machined from the interrupted CBT test specimens processed to the number of cycles 
as indicated in the legends along: (a) RD, (b) 45°, and (c) TD.  
 
Table 1. Material parameters obtained from simple tension tests. Dash symbol in the table 
indicates either not a reliable measurement or not measured.  






























203 842 1187 0.95 205 850 1184 0.97 214 849 1222 0.84 
2 - 1198 1285 1.14 208 1206 1311 1.17 208 1207 1328 1.23 
4 - 1311 1386 1.10 213 1285 1386 1.23 207 1315 1405 1.10 
6 204 1355 1459 - 207 1370 1456 - 210 1365 1460 - 
8 204 1357 1470 - 193 1407 1489 - 208 1412 1495 - 








This work utilized a recently built experimental setup for CBT of thin strips and sheets to 
evaluate ETF enhancements of DP 1180 steel under such CBT conditions. In particular, the main 
results into the effect of process parameters such as crosshead velocity and bending depth on the 
ETF and the reduction of axial force are presented for the material. The force vs. displacement 
response is found to be a strong function of both of these parameters. From the detailed analysis, 
the optimal parameters for enhancing ductility of DP 1180 under CBT are 1.35 mm/s for crosshead 
velocity and 3.5 for normalized bending depth. Under these conditions, the material elongates over 
five times more than in ST. Such improvements are achieved because the CBT process 
incrementally elongates the entire gauge length of the specimen as much as possible before fracture 
occurs by preventing localization of deformation and the necking instability. Remarkably, these 
improvements obtained for DP 1180 are far beyond what has been achieved for AA6022-T6 
(Roemer et al., 2018; Zecevic and Knezevic, 2015) using the same equipment and methodology, 
and other materials in the literature (Emmens and van den Boogaard, 2009a). The FE simulation 
of the process was used to better reveal the kinematics of the process and to predict stress and 
strain fields developing during the process. The predicted location of the localization is where 2x 
and 3x deformation regions meet, which agrees well with the failure location for many tested 
specimens in CBT. This work demonstrated the improvements in sheet metal formability that can 
be obtained using the CBT operation for DP 1180 steel. However, it also provided a promising 
means to evaluate material flow prior to fracture for other AHSS and many other materials when 
subjected to CBT processing. The work further showed that taking advantage of CBT processing 
the material can significantly increase its strength. Here, sub-size tensile specimens extracted from 
the CBT treated strips of DP 1180 were tested in ST and found to exhibit a higher yield stress and 
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decreased elongation relative to the ST response of the as-received material. The strength of the 
material increased with the number of CBT cycles. 
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Continuous-bending-under-tension (CBT) has been conceived as a mechanical test or a 
forming process imparting cyclic bending during stretching of a metallic sheet or strip in order to 
increase its elongation to fracture (ETF) relative to simple tension (ST). In a recent work, we have 
reported over five times improved ETF by CBT over ST for a dual-phase (DP) steel DP 1180. This 
paper evaluates the behavior in CBT of three additional automotive advanced high strength steels 
(AHSS), DP 590, DP 780, and DP 980. In doing so, the process parameter space defined in terms 
of crosshead velocity applying the tensile force, and roller depth imposing the amount of bending 
to the specimen has been explored to maximize the ETF of these materials. The studied steel sheets 
had different thicknesses, in addition to intrinsically containing different fractions of ferrite and 
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martensite phases. After establishing the optimal process parameters, significant improvements in 
ETF are achieved for all studied steels. Based on comprehensive data, it is found that lower 
martensitic content moderately improves ETF, while increasing of the sheet thickness rapidly 
deteriorates ETF, under CBT. The behavior in tension of sheets that were subjected to CBT 
processing under the established optimal process condition has also been investigated to determine 
enhancement in strength and any residual ductility of the materials. In addition to testing, we have 
employed a combination of electron microscopy along with electron-backscattered diffraction and 
neutron diffraction in order to assess the initial microstructure, evolution of crystallographic 
texture, and fracture mechanisms for the studied steels. Texture evolution in CBT forms a more 
pronounced {011} fiber along the stretching direction than in ST, revealing that the deformation 
in CBT could extend to greater strain levels than those reached at the fracture location in ST. 
Fractured surfaces after CBT are found to consist of fine ductile dimples, while those after ST 
consist of coarser dimples and some content of brittle flat martensitic regions.  
 





1. Introduction  
Much attention in materials science has focused on understanding the relationships between 
microstructure and response of metals, in terms of strength, work hardening rate, and formability, 
along with energy absorption during various loading conditions in processing or in service [1-6]. 
Such understanding is necessary for metals to facilitate optimization of their microstructure and 
underlying properties for low-cost forming into complex shapes, and then for the necessary 
structural properties and performances in service. One approach, used with steels, for finding a 
compromise between strength and ductility, is finding an optimal mixture of different 
microstructure phases such as martensite and ferrite. Alternatively, for aluminum, the material may 
be provided in a ductile form for forming, requiring a final aging heat treatment to deliver the 
required strength by precipitation hardening for service. Nevertheless, innovations in sheet metal 
forming can provide a further strategy to improve materials, e.g. the desired elongation-to-fracture 
(ETF). To this end, the emphasis can be on discovering forming processes that exploit the ductility 
throughout the sheet and thus postpone or avoid necking and early fracture. 
For example, in spin forming, a stationary tool contacts a spinning blank to create an 
axisymmetric component [7-9]. Another example is a process termed incremental sheet forming 
(ISF) in which a hemispherical tool locally deforms the sheet imparting plastic strain levels well 
above those in conventional forming. In both of these processes, only a small portion of the sheet 
is a plastically deforming zone at each instant. Mechanisms such as shear, bending, nonplanar 
stress, and cyclic straining have been discussed as origins of the enhanced formability observed in 
these processes over conventional forming [10]. A theoretical analysis of the effect of shear in 
sheet forming on increased formability has been presented in [11, 12]. Cyclic straining for boosting 
formability has been discussed in [13]. The effect of cyclic bending to increase formability has 
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been known for a long time [14, 15]. Moreover, formability in material bending tests can be 
modified by selection of tool radius or sheet thickness [16]. The beneficial effect of superimposing 
bending on tension to enhance ETF has also been observed in sheet forming involving draw-beads 
[17]. Continuous-bending-under-tension (CBT) imparting cyclic bending during stretching of a 
sheet also achieves strain levels well above those in simple tension (ST) [15, 18, 19]. 
In this work, we take advantage of the CBT process to evaluate the effect of cyclic bending in 
stretching of automotive dual-phase (DP) advanced high strength steels (AHSS) steel sheets, DP 
590, DP 780, DP 980 and DP 1180. In doing so, the process parameter space defined in terms of 
crosshead velocity and normalized bend depth imposed onto the specimen has been explored to 
maximize the ETF for the studied steels. Force vs. displacement curves as a function of these 
parameters are presented and described. The studied steel sheets had different thicknesses, in 
addition to intrinsically containing different fractions of ferrite and martensitic phases, allowing 
us to evaluate both the effect of phase fractions and sheet thicknesses on ETF under CBT. The 
materials are also tested in ST to establish a reference for assessing the behavior in CBT. The 
behavior in tension of sheets that were subjected to CBT processing under the established optimal 
process condition is also investigated to determine enhancement in strength and any residual 
ductility of the steels. In addition to testing, we employ a combination of scanning electron 
microscopy (SEM) along with electron-backscattered diffraction (EBSD) and neutron diffraction 
(ND) in order to assess the initial microstructure, evolution of crystallographic texture, and fracture 
mechanisms for the studied steels. Comprehensive results from mechanical testing and 
microstructural characterization along with insights from the analyses of the results are presented 





2. Materials   
Premier examples of AHSS are DP steels, four of which are studied in this work. These 
materials have a composite microstructure made up of martensite islands dispersed in a ferrite 
matrix. Mechanical behavior of these steels is primarily governed by the volume fraction and 
distribution of these two phases with their contrasting tradeoff in strength (martensite) and ductility 
(ferrite) [1, 20-23]. It has been demonstrated that simultaneous improvement of strength and 
formability of DP steels can be achieved by redistributing the phases [3, 24]. The secondary effects 
governing the behavior of these steels come from grain size and crystallographic texture per phase. 
Local plastic deformation of DP steels is highly inhomogeneous due to the grain level 
inhomogeneities associated with the contrasting phases. Large ferrite grains suitably oriented for 
crystallographic slip have been observed to deform plastically earlier than small ferrite grains [25]. 
Strain localizations have been observed within large ferrite grains, ferrite channels between bulky 
martensite regions, and at martensite/ferrite phase interfaces [21, 25, 26]. Such localizations limit 
ETF during sheet metal forming operations [27-32]. Interestingly, while voids and their 
coalescence in the ferrite matrix determine ductility of DP steels with low volume fraction of 
martensite, they do not significantly reduce the overall ductility of DP steels with high volume 
fraction of martensite. Ductility of high martensite containing steels is more driven by the disparity 
of properties and interfaces between the two phases [33, 34]. 
DP steels studied in the present work have been acquired as rolled sheets from US Steel. DP 
590, DP 780, and DP 980 are from US Steels’ hot dip (HD) processing lines, while DP1180 is 
from their continuous annealing line (CAL). DP 590 and DP 780 were galvannealed (HDGA) 
coated, DP 980 was galvanized (HDGI) coated, and DP 1180 was bare. The grades of the 
commercial DP steel are designated by their ultimate tensile strength (UTS) in MPa. The chemical 
42 
 
compositions and treatments are provided in Table 1. The sheet thicknesses were 1.3, 1.4, 1, and 
1 mm for DP 590, DP 780, and both DP 980 and DP 1180 respectively. In addition to the effects 
of martensitic content, these variations allow us to study the effect of thickness on the CBT 
behavior. 
Table 1. Chemical composition of DP steels (wt%).  
 C Mn P S Si Cu Ni Cr Mo 
DP 590 0.073 1.97 0.014 0.006 0.017 0.04 0.01 0.2 0.172 
DP 780 0.1 2.163 0.015 0.006 0.014 0.03 0.01 0.26 0.332 
DP 980 0.11 2.411 0.013 0.005 0.013 0.027 0.009 0.255 0.385 
DP 1180 0.168 2.222 0.015 0.0053 1.421 0.021 0.007 0.036 0.013 
 
 Sn Al Zr V Cb Ti B N2 
DP590 0.002 0.045  0.001   0.0001 0.005 
DP780 0.003 0.048  0.001 0.003 0.001 0.0001 0.006 
DP980 0.006 0.049 0.005 0.011 0.004 0.002 0.0001 0.0033 
DP1180 0.007 0.051 0.005 0.012 0.007 0.039 0.0004 0.0086 
 
2.1 Flow stress 
Using an MTS Landmark 370 servo hydraulic loading-frame with MTS 647 hydraulic 
grips, the as-received sheets were tested in ST at a constant strain rate of 10-3 s-1. Standard tensile 
specimens were machined along the rolling direction (RD), 45° from RD, and transverse direction 
(TD) for DP 980 and DP 1180, while only along RD for DP 590 and DP 780. Dimensions of tensile 
specimen gauge region were 50.4 mm in length and 11.7mm in width. The results are shown in 
Figure 1. The strain was calculated using axial displacement data from the MTS. The calculations 
were verified using both digital image correlation (DIC) and extensometer readings. At least three 
samples were tested per category to ensure the accuracy. As is evident, the trend shows an increase 
in strength and decrease in ductility from DP 590 to DP 1180. Consistent with our earlier 
observations [35, 36], the materials show a small amount of anisotropy. Additionally, some 
dependence on orientation is present for ETF. In the next section, we discuss microstructural 
features governing the behavior of these steels. The samples exhibited shear localization 
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accompanied with necking followed by fracture, which will also be shown later. The fact that the 
necking region is severely deformed for every specimen before fracture in ST implies that the 
material away from the neck has a substantial amount of remaining ductility. Exploiting the 
ductility of the entire specimen is a motivation for CBT. 
 
Fig. 1. Engineering (dashed lines) and true (solid lines) stress-strain curves for DP steels along 
their (a) rolling direction (RD) and (b) RD, transverse direction (TD) and 45° direction from 
RD/TD in simple tension (ST) under a strain rate of 10-3 s-1. Note that the line type differentiates 
“True” vs “Engineering” quantities and testing directions, while different colors represent 
materials.  
 
Table 2. Properties based on the flow curves from Figure 1.  



















407 528 630 612 634 839 850 851 
UTS (MPa) 663 913 987 958 1012 1194 1198 1223 
Eng. strain at 
UTS 
0.156 0.109 0.0808 0.0853 0.0658 0.0619 0.0573 0.0545 
Eng. strain at 
fracture 





2.2 Phases, grain structure, and crystallographic texture  
Several characterization techniques including SEM with EBSD and ND were used to 
characterize the initial microstructure of the steels in terms of phase fraction, grain structure, and 
texture. The SEM-EBSD characterization was performed using a Tescan Lyra3 GMU FIB field 
emission scanning electron microscope. Samples were manually sanded using SiC papers with 
400, 600, 800, and 1200 grit, then polished using water based diamond suspension of 6 µm, 3 µm, 
and 1 µm on a TriDent PSA cloth, and finally polished to mirror finish using 0.05 µm colloidal 
silica on a CHEM 2 pad. The mirror finish specimens were etched with 20% Nital for 15 seconds. 
Nital was used in order to etch away the ferrite, and leave a topographical surface of martensite. 
Examples of secondary electron (SE) images for DP 780, DP 980, and DP 1180 are shown in 
Figure 2. Image processing of multiple images per material was performed using Matlab to 
distinguish between martensite and ferrite by color, and calculate an average volume fraction. 
Average volume fraction of martensite was calculated to be 7.7% for DP 590 [37], 34% for DP 
780, 39% for DP 980, and 45% for DP 1180. The phase fractions were also verified for DP 590 
and DP 1180 using EBSD image quality (IQ) maps, where regions of martensite appear as dark 
regions due to scan being indexed as BCC crystal structure, where martensite has BCT crystal 
structure. Increased amounts of martensite in these steels increases the strength considerably, but 
also increases their brittleness and decreases their ductility (Figure 1). 
EBSD was performed using an Edax EBSD detector attached to the SEM detailed above. 
The steels were polished to a mirror finish using the same procedure as for SE imaging, but not 
etched. Figure 3 shows the inverse pole figure (IPF) maps of the initial structure for all four DP 
steels. Scan step sizes were 0.1 µm, 0.1 µm, 0.06 µm, and 0.05 µm for DP 590, DP 780, DP 980, 
and DP 1180, respectively. Different step sizes were used in an effort to differentiate feature sizes, 
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as well as to maximize the size and minimize scan time. All four scans were indexed for ferrite. 
The data for DP 590 is taken from [37]. The maps feature pockets of martensite in increasing 
amounts from DP 590 to DP 1180. DP 780 and DP 980 exhibit some gradients in crystal orientation 
within the grains. Additionally, the ferrite grains in these steels are smaller than in DP 590 and DP 
1180. Thus, it is more difficult to differentiate the martensite groups from the ferrite using EBSD. 
As a result, volume fraction of martensite was difficult to estimate based on confidence index and 
IQ analysis. Nevertheless, indexing of both ferrite and martensite was very good owing to the high 
quality of polishing. It is worth mentioning that we have attempted to index martensite as the body-
centered tetragonal (BCT) structure hoping to succeed, at least for DP 1180. However, it proved 
to be very difficult to get a good confidence index, even in large martensite clusters. The BCT 
crystal structure of martensite is close enough to the body-centered cubic (BCC) structure of 
ferrite, which indexed to a high confidence index for both ferrite and martensite. 
Larger scans of over 100 µm in height and width were taken of the same samples scanned 
in Figure 3 in order to get enough statistics for stereographic pole figures to show texture in the 
steels. The scans consisted of over a million indexable points with high confidence index. Pole 
figures in Figure 4 show the initial texture of the four DP steels considering all indictable points, 
which resemble classically reported orthotropic rolled texture for BCC materials, where the grains 
are concentrated around the γ-fiber and a portion of the α-fiber [38-41]. Texture evolution during 
CBT will be presented for DP 1180 in the results section of the paper. These measurements are 
based on ND, which is a more accurate technique for macroscopic texture characterization [42]. 
Unlike EBSD, ND measures textures averaged over mm3 to cm3 volumes due to the deep 







Fig. 2. Secondary electrons (SE) micrographs showing ferrite and martensite in samples of (a) DP 
780, (b) DP 980, and (c) DP 1180. View field is 50 µm in width and 40 µm in height for each 
image. Dark etching areas are ferrite, while the white islands are martensite. Volume fraction of 









Fig. 3. Inverse pole figure (IPF) maps of the initial microstructure for (a) DP 590, (b) DP 780, (c) 
DP 980, and (d) DP 1180. The colors in the maps represent the orientation of the sample axis 
perpendicular to the maps with respect to the local crystal lattice frame according to the IPF 








Fig. 4. Stereographic pole figures measured using EBSD showing initial texture in the sheets of 
(a) DP 590, (b) DP 780, (c) DP 980, and (d) DP 1180.  
 
3. CBT testing 
CBT has been established as an experiment capable of significantly increasing ETF in sheet 
metals [19, 35, 43-45]. The test closely resembles a classical ST test while suppressing the 
instability that limits ST. During CBT testing, a sheet/strip is pulled in tension and continuously 
bent/unbent by rollers, which incrementally deforms the material, depleting its ductility 
throughout, as opposed to localized necking [10, 46-48]. Universal tensile testing machines 














specialized CBT machine has been previously presented in [45]. This machine is used in the 
present work (Figure 5). 
The machine is a horizontal tabletop setup. The other significant contrast to the tensile testing 
machine for CBT is that the specimen passes through the rollers rather than the rollers passing 
over the specimen. The main benefit of stationary rollers is that as the length of the specimen 
increases with the pull of the hydraulic cylinder, the entire gauge section of the specimen is still 
symmetrically traversed through the rollers, where at the beginning and the end of the cycle the 
rollers return to the same exact location. This is accomplished by using a mechanical limit switch 
attached to the grip on the hydraulic cylinder. 
The roller assembly is attached to the base, which is the only stationary component. The three 
rollers are 25.4 mm in diameter, 200 mm in length. The bottom rollers are spaced 27 mm from the 
center roller. The two bottom rollers are in a fixed position, and the center top roller is lowered to 
create bending at a bend depth measured using gauge blocks. The bend depth is defined by the 
distance from zero that the center roller is lowered, δ. The value is often divided by the material 
thickness, t (δ/t) to create a normalized value. The carriage, along with the hydraulic cylinder and 
gripped specimen, cycle back and forth on the base using a ball screw. The speed of the ball screw 
is a constant 66 mm/s for every experiment, except at the end of each stroke of the carriage, where 
it stops to reciprocate. The specimen is gripped on the left and right side of the stationary roller 
setup, each attached to a load cell to measure force. Only the data from one load cell is necessary 
to report because, with the exception of which direction the carriage is moving, they are reading 
the same force, but the peak and valley force alternate between maximum and minimum values. 
The load cell from which all the reported data is taken is a Futek compression load cell with a 
capacity of 22.4 kN. The grip on the right side of the stationary rollers is attached to a Sheffer 
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hydraulic cylinder with a 310 kN pull force capacity which applies the tension, and a Balluff 
Micropulse displacement sensor to record displacement of the cylinder crosshead. Two limit 
switches are used to control the stroke of the carriage. One is a ferromagnetic switch attached to 
the front of the stationary base, which senses the leading edge of the carriage. The second is a 
mechanical switch which is triggered by an extrusion from the rear side of the roller assembly. A 
cycle is defined as two strokes, where the carriage first reaches the opposite side, and then returns 
back to its original position. 
Each test begins with a cycle without tension, only bending. After the first cycle, the hydraulic 
cylinder introduces tension at a constant crosshead velocity. The test is then continued until the 
specimen fractures, or the number of cycles in an interrupted test are met. If the CBT process is 
interrupted after a certain number of cycles, any residual ductility as well as strength of the material 
can be assessed by secondary tensile tests [18]. The number of CBT cycles reported does not 
include the first cycle of only bending. In the case of interrupted testing, the number of cycles 
stated are CBT cycles. Interrupted CBT experiments were performed at the ideal parameters which 
are defined later, and were ran up to a defined number of cycles (2, 4, 6, 8, 10, and 12). Then the 
machine was stopped without fracturing the specimen. From this unbroken specimen, subsize 
specimens are machined using wire EDM. 
Each CBT specimen is dog bone shaped, shown in Figure 6. The gauge section of each CBT 
specimen is 200 mm in length and 11.7 mm in width. The deformation in the gauge length is 
defined by three different regions [18, 45]. The specimen is gripped so that these deformation 
regions are symmetrical across the length of the specimen. The 1x region is only traversed by one 
roller per cycle, meaning that region is only bent and unbent once per cycle. The 2x region is only 
traversed by two rollers per cycle, being bent and unbent twice, and similarly the 3x region, being 
51 
 
bent and unbent three times per cycle. These regions are important to define in order to concentrate 
on the area that is undergoing the most deformation (3x region). This region is where the subsize 
specimens are machined from. The subsize specimens are ASTM E8 with a gauge section 32 mm 
in length and 6 mm in width. The entirety of the subsize specimen gauge section is machined from 
the 3x region of the interrupted test specimens. These specimens are pulled in secondary ST at a 
constant strain rate of 10-3 s-1 to evaluate their enhancement in strength and residual ductility. The 
secondary ST experiments were performed on the MTS machine, which is used for the ST 
experiments of Figure 1. 
 
 
Fig. 5. Main components of the CBT machine.   
 
 
Fig. 6. Schematic of a CBT specimen with a subsize specimen for subsequent ST. The initial CBT 
specimen has a gauge section length of 200 mm and 11.7 mm width. The subsize specimen has a 
gauge section length of 32 mm and 6 mm width. The deformation regions, 1×, 2×, and 3×, are 





Typical force-displacement curves recorded during CBT testing are presented in Figure 7. The 
increase in elongation to fracture over ST is evident, as well as the decrease in necessary pull force. 
The CBT curves are characteristic compared to standard material characterization curves, with a 
repeating pattern of peaks and valleys. The peaks correspond to the carriage stopping to reverse 
direction, creating pure tension because the hydraulic cylinder pulls the specimen at a constant rate 
independent of carriage movement. The valleys correspond to the carriage being at constant 
velocity within the cycle, where there is both bending and tension. The peaks and valleys have 
alternating maximums and minimums depending on the stroke of the carriage. If the carriage is 
moving away from the load cell, the peaks and valleys are at a maximum, and if the carriage is 
moving toward the load cell, the peaks and valleys are at a minimum [45]. DP 590 and DP 780 
show higher forces relative to DP 980 and DP 1180 which is attributed to the higher sheet 
thickness. In contrast, considering that the addition of bending to the tensile load lowers the force 
required to reach the plastic flow stress of the material on the outward surface of the strip, thicker 
sheets require lower forces because of larger bending curvature and resulting stress/strain. 
The combination of a bending stress with a tensile force in a CBT setup leads to a non-
symmetric stress profile of tension/compression, with the neutral axis cyclically shifting towards 
the surface of the roller over which the sheet is passing. The addition of bending tension to the 
tensile load means that a lower force is required to reach the plastic flow stress of the material on 
the outward surface of the strip (relative to a roller). The effect is more pronounced with sheet 
thickness. Hence the load/extension curve is significantly lower than a ST test. Indeed, CBT 
processing is conducted at a uniaxial stress level below the yield stress of the material. In addition 
to the influence of bending, the Bauschinger effect is present due to the reverse loading as a point 
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of the strip moves from bending in tension (with, e.g., a roller above it) to bending in compression 
(with, e.g., a roller below it) in a cyclic fashion. This also serves to reduce the required load for 
plastic deformation. The load-displacement curves presented in this work have been obtained 
under three different combinations of the CBT parameters, the crosshead velocity and bend depth. 
As already explained, a higher bend depth requires a lower force for the elongation. At a lower 
crosshead velocity, the number of bending/unbending operations to obtain a certain elongation is 
higher, while the observed force is lower. Here, the deforming though-thickness stress profile of 
the axial stress spanning the gauge section of the specimen is more frequent. 
 
Fig. 7. Typical force-displacement curves during CBT testing. These curves are recorded during 
testing under a crosshead velocity of 1.35 mm/s and a normalized bend depth of 3.5 in the RD. 
The corresponding simple tension curves are shown for reference. The thicknesses of the as-
received sheets are 1.3, 1.4, 1 and 1 mm for DP 590, 780, 980 and 1180, respectively. DP 590 
curve is not to fracture, but to the limits of the machine. 
 
In a recent work, we have carried out CBT on DP 1180 steel [35]. Over five times improved 
ETF for DP 1180 observed in that work provided a promising means to evaluate the effect of CBT 
for other AHSS. Similar to the earlier work involving DP 1180, we begin by performing a 
parameter study to determine the ideal bend depth and crosshead velocity for the highest amount 
of ETF for DP 980. Three material directions were explored in this parameter study, RD, TD, and 
45° from the RD or TD. Five different normalized bend depths and two different crosshead 
velocities were used in determining the optimal parameters. The normalized bend depths used were 
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2, 2.5, 2.75, 3.5, and 4.25. The two crosshead velocities used in the parameter study were 
approximately 1 mm/s, and 1.35 mm/s. Velocities are approximate values due to the nature of the 
experimental setup, where the input is a voltage for the hydraulic cylinder, not a specific velocity 
value. After seeing a decreased benefit at 1.75 for the slower velocity, 2 was the minimum 
normalized bend depth used at the fastest velocity. 
Figure 8 shows the results of the parametric study. The plots on the right show ETF in CBT 
normalized by ETF in ST to better reveal the significant improvements in ETF relative to ST. The 
results for DP 1180 are also provided to facilitate the comparisons. In the TD direction, both DP 
980 and DP 1180 were tested at 1.2 mm/s crosshead velocity and normalized bend depths of 2.5 
and 3.5 for comparison to earlier experiments involving an aluminum alloy, AA6022-T4 [45]. In 
the majority of cases for all three directions of DP 980, a normalized bend depth of 3.5 and 
crosshead velocity of 1.35 mm/s were considered to be the ideal parameters for increased 
elongation to fracture. For these parameters, the material is not under- or over-bent, and thus, more 
displacement before fracture (i.e., a higher ETF) is possible. A faster crosshead velocity of 2 mm/s 
was explored with DP 1180 [35], but due to minimal increase in elongation to fracture, the slower 
velocity of 1.35 mm/s was chosen for the ability to run more cycles before fracture which is 
valuable for interrupted testing. In some cases, DP 980 showed better results at a normalized bend 
depth of 4.5, but for consistency, a normalized bend depth of 3.5 and crosshead velocity of 1.35 
mm/s were chosen as optimal for future interrupted experiments. It should be noted that the 
observations are based on the discrete tests described here. A rigorous optimization study likely 
involving a combination of experiments and simulations could arrive at true optimal values for 
these parameters maximizing ETF. In summary, DP 980 parameter testing proved the same trend 
as DP 1180 where the faster crosshead velocity along with 3.5 normalized bend depth resulted in 
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a higher elongation to fracture. Moreover, the study revealed even better behavior in CBT of DP 
980 than DP 1180, suggesting that lowering the content of martensite from 45% for DP 1180 to 
39% for DP 980 is beneficial for ETF in CBT. 
The optimal parameters were also used to test DP 590 and DP 780. Three tests were 
performed to further evaluate the effect of martensite and sheet thickness on the CBT behavior. 
Both steels were tested at 1.2 mm/s crosshead velocity and normalized bend depths of 2.5 and 3.5 
for comparison, and the chosen ideal parameters of 1.35 mm/s crosshead velocity and normalized 
bend depth of 3.5. DP 590 only fractured in the case of 2.5 normalized bend depth and 1.2 mm/s 
crosshead velocity due to the limits of the hydraulic cylinder. The results are shown in Figs. 7 and 
8. Based on lower content of martensite in DP 780 (34%) relative to DP 980 (39%), one would 
expect better behavior in CBT. However, the increase in sheet thickness from 1 mm to 1.4 mm has 
a significant effect deteriorating the CBT behavior. For the final verification of the effects of 
thickness and martensitic content, we tested DP 590. The expectation is better behavior in CBT 
relative to DP 780 because of lower content of martensite (7.7%) and reduced thickness to 1.3 mm. 
The results in Figure 8 show the expected trend. The two maximum points for DP 590 overlap 
because the specimens in these tests never fractured before the entire stroke of the hydraulic 









Fig. 8. Elongation-to-fracture (ETF) achieved by CBT testing. Plots normalized by ETF in simple 
tension are also shown.  The arrow indicates that for DP590 the stroke limit of the CBT machine 








Secondary ST testing of the interrupted specimens processed by CBT was performed to 
explore the enhanced strength and residual ductility of all four AHSS. Additionally, these 
specimens for DP 1180 were used to study texture evolution during CBT. These CBT tests were 
run at the chosen ideal parameters of 1.35 mm/s crosshead velocity and 3.5 normalized bend depth. 
CBT tests were run to a specified number of CBT cycles without fracturing the specimen. Then, 
the test was stopped. All four steels were run to 2, 4, 6, and 8 CBT cycles, and some up to 10 and 
12 CBT cycles, if possible before fracture. ASTM E8 subsize tensile specimens were then 
machined from the CBT processed specimens and pulled in ST at a strain rate of 10-3 s-1. Both DP 
590 and DP 780 were tested in the RD direction, and DP 980 and DP 1180 were tested in the RD 
and TD. Results are shown in Figure 9. The appendix summarizes the material properties extracted 
from these tests. 
All four steels, in all three directions revealed the same trend: increased strength and 
decreased ductility with the increase in number of CBT cycles. The yield stress and UTS increase 
with increased number of cycles, and engineering strain at UTS and fracture decrease with 
increased number of cycles. Another interesting result is the significant amount of necking in each 
test, observed by the engineering stress strain curves in Figure 9. ST tests of the initial material 
have very little necking as seen in Figure 1, compared to the significant amount of necking in the 
ST testing of the subsize specimens. The post-uniform elongation does decrease with increased 
number of CBT cycles, as expected with the decrease in ductility. The strengthening is higher for 
low martensite containing steels, which could be attributed to formation of dislocation 
substructures in ferrite [49]. Future research will attempt to develop a methodology for inferring 














Fig. 9. Engineering (dashed lines) and true (solid lines) stress-strain curves measured under a strain 
rate of 10-3 s-1 after interrupting CBT processing at 1.35 mm/s crosshead velocity and 3.5 
normalized bend depth to a certain number of CBT cycles indicated in the legends for (a) DP 590 
along RD, (b) DP 780 along RD, (c) DP 980 along RD (on the left) and TD (on the right), and (d) 
DP 1180 along RD (on the left) and TD (on the right). 
 
The interrupted CBT test specimens were also used to study texture evolution in DP 1180 
during CBT. ND was conducted on eight different samples using the High Pressure/Preferred 
Orientation (HIPPO) beam line at the pulsed neutron spallation source at LANSCE, Los Alamos 
National Lab, which is a neutron time-of-flight diffractometer for bulk microstructural 
characterization of materials at ambient and non-ambient (temperature, pressure, and load) 
conditions [50]. The eight different samples are: initial material, sample fractured in ST in the 
fracture zone, sample fractured in ST away from the fracture zone, but within the gauge section, 
and the 3x region of CBT processed interrupted specimens at 2, 4, 6, and 8 CBT cycles. A 2 mm 
slit was used to measure texture approximately 2 mm from tips over the entire sample width and 
thickness. Count times were about 30 minutes per run. The technique measures many inverse pole 
figures (i.e. in 135 sample directions) ensuring a sufficient coverage to fit an orientation 
distribution function (ODF). Rietveld refined ODF is then used to obtain pole figures. Both ferrite 




was completed using MAUD [51] with 7.5 degree resolution, while the pole figures are plotted in 
MTEX [52]. 
Figure 10 shows measured pole figures of the initial texture and those after ST testing. 
Similarity between pole figures in Figure 4 (measured using EBSD) and those in Figure 10 for the 
initial texture of DP 1180 indicates that the size of the EBSD scans was sufficient to obtain the 
texture data. Considering relatively small plastic straining of DP 1180 in ST, texture does not 
evolve substantially, even in the region at and near the fractured surface. The texture in the 
deformed samples in ST still resembles rolling texture. Nevertheless, some evidence of {011} pole 
aligning with loading in the TD direction can be observed. Formation of the {011} fiber texture is 
expected for BCC metals deformed in ST [39]. The fiber is more pronounced around the fracture 
zone than away from it because the greatest level of strain is present near the fractured surface. 
The texture evolution in CBT is shown in Figure 11. Similar to ST, the {011} poles show the most 
evolution where the preferred orientation aligns with the TD stretching direction. As is evident, 
texture in CBT evolves substantially more than in ST. In summary, texture evolution in CBT forms 
a more pronounced {011} fiber along the stretching direction than in ST, revealing that the 
deformation in CBT could extend to greater strain levels facilitating more texture evolution than 





Fig. 10. Stereographic pole figures of DP 1180 measured using the neutron diffraction technique 
showing texture in the TD (a) initial, (b) after ST away from fracture but within gauge section, and 















Fig. 11. Stereographic pole figures measured using the neutron diffraction technique showing 
texture evolution for DP 1180 during CBT along the TD after (a) 2 CBT cycles, (b) 4 CBT cycles 
(c) 6 CBT cycles, (d) 8 CBT cycles, and (e) 9 CBT cycles at fracture. The CBT testing was 




















In this work, we have utilized the recently built experimental apparatus for CBT of metallic 
sheets to evaluate the role of cyclic bending on ETF enhancements for several DP AHSS: DP 590, 
DP 780, DP 980, and DP 1180. We have explored the effect of CBT process parameters (the 
normalized bend depth and crosshead velocity) in order to maximize the ETF. Results for DP 980 
show the remarkable effect of CBT on the ETF and improvement over the results obtained earlier 
for DP 1180. We have observed that increasing the normalized bend depth and increasing the 
crosshead velocity increases the ETF, until a peak enhancement is reached. Under a normalized 
bend depth of 3.5 and crosshead velocity of 1.35 mm/s, ETF of both DP 980 and DP 1180 improves 
over five times compared to ST for every tested direction. In addition to testing, we have employed 
a combination of electron microscopy along with EBSD and ND in order to assess the initial 
microstructure, evolution of crystallographic texture, and fracture mechanisms for the studied 
steels. Texture evolution in CBT forms a more pronounced {011} fiber along the stretching 
direction than in ST, revealing that the deformation in CBT could extend to greater strain levels 
than those reached at the fracture location in ST. To the authors’ knowledge, this is the largest ever 
observed change in texture during tension of DP 1180.  
The objective of the current work was also to compare the effect of CBT on improved ETF for 
DP steels as a function of their martensite content and sheet thicknesses. Volume fraction of 
martensite per steel is estimated to be 7.7% for DP 590, 34% for DP 780, 39% for DP 980, and 
45% for DP 1180. To this end, samples of DP 590 and DP 780 were tested under the optimal 
parameters. The role of thickness comes from the level of applied bending stress/strain, which 
scales with curvature and sheet thickness. The addition of bending-induced tensile stress to the 
tensile stress due to stretching is larger for thicker sheets. As a result, a lower force is required to 
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reach the plastic flow stress of the material in the outer surface (top and bottom) of the strip for 
thicker sheets for a given width (i.e. cross-sectional area). Better behavior in CBT of DP 980 than 
DP 1180 implies the role of martensite, i.e., the lower the content, the larger ETF effect. The CBT 
behavior of DP 780 should be enhanced considering the content of martensite. However, the 
increase in sheet thickness significantly deteriorated the CBT behavior. The effect of thickness 
and martensitic content is finally verified after testing of DP 590 sheets in CBT. A superior CBT 
behavior is obtained with DP 590 relative to DP 780 because of the lower content of martensite 
and the reduced sheet thickness. 
One interesting trend to note is the fracture angle of a specimen processed by CBT. Figure 12 
shows photographs of fractured specimens in ST and CBT. In ST, DP steels fracture at an oblique 
angle relative to the stretching direction after necking [53]. However, under CBT testing, all the 
DP steels fractured at a 90° angle relative to the stretching direction after some amount of necking 
near fracture, though not as large as in the case of ST. Figure 12 also compares SEM imaging of 
the fractured edge of DP 1180 specimens fractured in both monotonic ST and CBT. As expected 
due to necking at the fracture site, both samples show microvoid coalescence, which is an 
indication of ductile fracture. However, the fracture voids in ST are much coarser. Comparing 
micrographs in Figure 12c (ST after interrupting CBT processing to only 2 CBT cycles) and Figure 
12d (ST after interrupting CBT processing to substantial 10 CBT cycles) also indicated that CBT 
processing is reducing size of the dimples. In general, dimples are known to be finer in size after 
low cycle fatigue fracture than monotonic ST fracture [54]. Moreover, there also appears to be 
some brittle fracture through the martensite grains in ST, especially visible in Figure 12a and c. 
The insert in Figure 12c also shows evidence of secondary cracks in martensite forming during 
plastic deformation. Thus, ductile failure in the ferrite matrix (coarse dimples) are combined with 
65 
 
the interfacial fracture with some brittle, flat failure surfaces cutting through martensite grains for 
ST. Similar findings were also reported in [33] for other high martensite volume fraction DP steels 
in which the fracture is, like here, influenced by the contrasting phase characteristics and driven 
by ferrite/martensite interface decohesion and fracture of martensite regions in addition to 
microvoid coalescence. None of the fractographs show the content of 45% martensite meaning 
that fracture favors ferrite or interfaces. Considering that the flat surfaces through martensitic 
grains are primarily seen for the samples fractures in monotonic ST and pre-deformed in CBT 
followed by ST indicates that fracture in CBT exhibits much more ductile character, which is 
dependent on existence of fine ductile dimples through ferrite, than fracture in ST.  The insert in 
Figure 12d shows fracture of a martensite region surrounded by microvoids. 
 
       





       
       
Fig. 12. Fractured samples and SE micrographs showing fractured surfaces of DP 1180 in (a) ST 
at a strain rate of strain rate of 10-3 s-1, CBT to fracture at 1.35 mm/s crosshead velocity and 3.5 
normalized bend depth, (c) ST after interrupting CBT processing at 2 CBT cycles, and (d) ST after 
interrupting CBT processing at 10 CBT cycles. The samples were tested along RD, while the 
micrographs are perpendicular to the fracture surface. View field for images on the center is 200 
µm in width and 150 µm in height, while those on the right are 50 µm x 40 µm. The inserts in (c) 
and (d) are 15 µm wide. A few flat failure surfaces cutting through martensite grains are indicated 
by white circles in (a). 
 
6. Conclusion 
This work presented significant improvements in ETF achieved by imposing bending during 
stretching using a CBT process for several DP steels. The CBT test incrementally elongates the 
entire gauge length of the specimen preventing localization of deformation and the necking 
instability. Remarkably, for an optimized set of CBT parameters, these improvements obtained for 
1 mm thick DP 980 and DP 1180 can be over five orders of magnitude greater relative to ST. The 
other studied AHSS sheets of DP 590 and DP 780 had different thicknesses, in addition to 





comprehensive data, it is found that lowering of the martensitic content moderately improves ETF, 
while increasing of the sheet thickness rapidly deteriorates ETF, under CBT. The behavior in 
tension of sheets that were subjected to CBT processing under the established optimal process 
conditions has also been investigated, to determine enhancement in strength and any residual 
ductility of the materials. These secondary ST tests showed that the AHSS exhibited a higher yield 
stress and decreased elongation relative to the ST response of the as-received material. The 
strength of the material increased with the number of CBT cycles and the effect was greater in 
sheets with less martensite. Characterization of texture evolution after CBT testing to certain 
number of cycles found that texture forms a more pronounced {011} fiber along the stretching 
direction than in ST. As such, texture evolution is evidence that the deformation in CBT could 
extend to far greater strain levels than those reached at the fracture location in ST. Fractured 
surfaces after CBT are found to consist of fine ductile dimples, while those after ST consist of 
coarser dimples, interfacial fracture, and some content of brittle flat martensitic regions. Thus, 
even for high martensite containing steels, conventional microvoid coalescence in the ferrite phase 
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Table A1. Properties based on the flow curves from Figure 9.  
DP 590 Tension 2 cycles 4 cycles 6 cycles 8 cycles 10 cycles 12 cycles 
0.2% offset yield stress 
(MPa) 
407 641 665 704 742 1011 1011 
UTS (MPa) 663 744 781 816 864 1061 1078 
Eng. strain at UTS 0.156 0.0609 0.029 0.0283 0.0253 0.0244 0.0234 
Eng. strain at fracture 0.187 0.155 0.111 0.0898 0.07 0.052 0.052 
 
DP 780 Tension 2 cycles 4 cycles 6 cycles 8 cycles 10 cycles 
0.2% offset yield stress 
(MPa) 
528 793 811 895 901 905 
UTS (MPa) 913 1011 1080 1122 1151 1187 
Eng. strain at UTS 0.109 0.02988 0.0266 0.0249 0.0252 0.0248 
Eng. strain at fracture 0.1318 0.1086 0.0675 0.0538 0.0411 0.0369 
 
DP 980 (RD) Tension 2 cycles 4 cycles 6 cycles 8 cycles 
0.2% offset yield stress 
(MPa) 
630 849 886 909 944 
UTS (MPa) 987 1102 1165 1192 1242 
Eng. strain at UTS 0.0808 0.0265 0.0262 0.0248 0.027 
Eng. strain at fracture 0.0971 0.0734 0.061 0.044 0.05 
 
DP 980 (TD) Tension 2 cycles 4 cycles 6 cycles 8 cycles 
0.2% offset yield stress 
(MPa) 
634 908 956 961 1031 
UTS (MPa) 1012 1134 1190 1224 1257 
Eng. strain at UTS 0.0658 0.030 0.0268 0.0261 0.0232 
Eng. strain at fracture 0.0764 0.0664 0.0472 0.0398 0.0360 
 
DP 1180 (RD) Tension 2 cycles 4 cycles 6 cycles 8 cycles 10 cycles 
0.2% offset yield stress 
(MPa) 
839 1197 1311 1354 1382 1454 
UTS (MPa) 1194 1285 1385 1459 1477 1534 
Eng. strain at UTS 0.0619 0.0169 0.0161 0.016 0.0144 0.018 
Eng. strain at fracture 0.0767 0.0626 0.0467 0.0358 0.0267 0.0333 
 
DP 1180 (TD) Tension 2 cycles 4 cycles 6 cycles 8 cycles 
0.2% offset yield stress 
(MPa) 
851 1214 1315 1341 1396 
UTS (MPa) 1223 1328 1404 1460 1489 
Eng. strain at UTS 0.0545 0.0169 0.014 0.0137 0.0151 
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Abstract 
This paper presents a combined experimental and simulation approach to identify post-
necking hardening behavior of ductile sheet metal. The method is based on matching a measured 
load-displacement curve from a continuous bending under tension (CBT) test with the curve 
simulated using the finite element method (FEM), while adjusting an input flow stress curve into 
the FEM. The CBT test depletes ductility uniformly throughout the gauge section of a tested sheet, 
and thus, stretches the sheet far beyond the point of maximum uniform strain in a simple tension 
(ST) test. Having the extended load-displacement curve, the calibrated flow stress curve is 
extrapolated beyond the point of necking. The method is used to identify the post-necking 
hardening behavior of an aluminum alloy, AA6022-T4, and two dual-phase (DP) steels, DP 980 
and DP 1180. One measured load-displacement curve is used for the identification of a flow stress 
curve per material, and then the flow stress curve is used to simulate two additional measured load-
displacement curves per material for verification. The predictions demonstrate the utility of the 
developed CBT-FEM methodology for inferring the post-necking strain hardening behavior of 
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sheets. Furthermore, the results for AA6022-T4 are compared with the hydraulic bulge test data. 
Unlike the hydraulic bulge test and majority of the available methods in the literature, the CBT-
FEM method can predict increasing as well as decreasing anisotropic hardening rate in the post-
necking regime. The latter is associated with probing stage IV hardening. The proposed 
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Accurate characterization of a material stress-strain response is crucial to accurately simulate 
forming processes using the finite element method (FEM). During forming operations strain levels 
greater than those corresponding to a maximum uniform elongation are often generated. The 
simple tension (ST) test is a ubiquitous experiment used to characterize the stress-strain response 
of a material due to readily available testing equipment and simplicity. The test allows for direct 
measurement of the hardening curve up to the point of diffuse necking. Post-necking behavior is 
often estimated using phenomenological hardening laws producing different results depending on 
the hardening law selected to fit the available experimental pre-necking data and then to 
approximate the post-necking region.  
As opposed to fitting phenomenological approximations, alternative methodologies have been 
developed to identify post-necking hardening behavior of materials. The early work in this field 
has been described in [1]. The idea was to analytically correct and compensate for stress-strain 
fields based on the measurement of evolving geometrical features of the necking profile, which 
required a significant experimental effort. More recently, digital image correlation (DIC) technique 
for measurement of strain fields has made the experimental efforts to measure the strain fields in 
the diffuse neck much more convenient. DIC measurements have been extensively used to study 
the hardening behavior in the post-necking regime in combination with FEM simulations [2-5]. 
To this end, the FEM was used to iteratively model tests, while the material parameters are 
calibrated. The calibration involves a minimization of a selected objective function, which is 
usually set as the difference between the measured and calculated displacement or strain fields. 
The methodology is referred to as the inverse FEM. Although such method has been successfully 
demonstrated, there are several difficulties in applying it to the problem of diffuse necking. In 
particular, a location of the diffuse neck in a tensile sample cannot be predicted by FEM. In order 
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to control the localization location in an FEM simulation, an artificial notch has to be introduced. 
Introducing a notch often creates numerical difficulties. To relax the issue of controlling the 
location of the diffuse neck, the use of tapered samples has been proposed [6]. Additionally, due 
to typically very large plastic strains developing at the localization, a proper mesh design is very 
importance to simulate the necking profile and underlying mechanical fields. Thus building a 
reliable FEM model capable of dealing with the plastic instability is challenging. Finally, the FEM 
simulations predicting the localization are time-consuming and since iterative, the overall 
methodology is slow.  
Another method based on the same kind of experiments but different calculations to identify 
the post-necking hardening behavior of sheet metals is based on the minimization of the 
discrepancy between the internal (calculated) and external (measured) work in the necking zone 
during a ST test. The method is known as the virtual fields method (VFM) [7-11]. The method is 
restricted to thin sheets but circumvents the deficiencies of the FEM inverse method. Conceiving 
independent tests capable of probing post-necking material behavior under ST is challenging due 
to plastic instabilities. The VFM method has been experimentally verified in the post-necking 
regime using an independent tube expansion specialized testing setup demonstrating good 
agreement [12]. The tube expansion test expands a tubular specimen under ST. Combining an axial 
load and internal pressure deforms samples in ST to higher strains than without the pressure. 
Another test to measure the stress strain response at higher strains is the bulge test [13, 14]. In this 
test, hydraulic pressure is applied to a circular blank of material subjecting it to an approximately 
equibiaxial stress state. Based on the pressure applied, curvature of the bulged specimen, and 
thickness at the pole, the biaxial stress-strain response can be measured. The test provides a strain 
hardening curve which is similar to a ST curve but is extrapolated to large strain levels [7]. 
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Comparison between the hydraulic bulge test and the tube expansion test revealed some 
discrepancies in the post-necking regime [12]. The tube expansion test was found to provide a 
faster decreasing hardening rate in the post-necking regime, which is more likely material behavior 
for the stage IV hardening.  
Continuous bending under tension (CBT) has been established as an experiment capable of 
significantly increasing elongation to fracture (ETF) in sheet metals [15]. The test resembles 
closely a classical ST test while suppressing the instability that limits ST . During CBT testing, a 
sheet/strip is pulled in tension and continuously bent/unbent by rollers, which incrementally 
deform the material. Significantly, the CBT test was found capable of achieving over five times 
improved ETF over ST for dual-phase (DP) steels [16]. It has been shown that the strain path 
during CBT is very close to ST [17], making it a suitable experiment to extract hardening behavior 
past the limit of ST. For this purpose, an interrupted CBT testing method has been developed [18]. 
In this method, a set of sheets/strips undergoes CBT to variable number of cycles, and then a sub-
size tensile specimen is machined out of each pre-deformed sheet/strip. These specimens are then 
tested in ST and their yield strength spread out based on the levels of accumulated effective strain 
achieved during CBT. Since the achieved effective strain levels in CBT are much higher than those 
at the point of maximum uniform strain in ST, the underlying flow curve is extrapolated to high 
strain levels. While successful for some materials, the approach is not general enough because it 
breaks down for materials hardening differently under CBT than ST. Enhanced strengthening of 
alloy AA6022-T4 under CBT relative to ST has been observed and rationalized based on 
microstructural characterization [19, 20]. If the strength is driven by achieved heterogeneous 
microstructure meaning that the achieved effective strain level is insufficient to characterize the 
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state of the material then the strength measured by CBT may not be a reliable way to extrapolate 
stress-strain curves.  
With the above background, this paper presents a new method to infer post-necking material 
behavior based on CBT testing. Considering that CBT testing can be successfully simulated using 
FEM [16, 21], the proposed method is a synergy between the CBT experiment and FEM 
simulations of the same test. The combined CBT-FEM method first matches the CBT measured 
and FEM simulated force-displacement curves up to the maximum equivalent plastic strain seen 
in ST. From there, the post-necking hardening curve is adjusted until the entire CBT measured 
force-displacement curve is matched with the FEM simulated curve. Although the proposed 
method involves iterative FEM simulations, it does not require controlling the location of the 
diffuse neck by introducing a notch or a specialized mesh design. Thus, the iterative methodology 
for inferring a flow curve using the CBT-FEM method is relatively fast. The materials studied here 
are an aluminum alloy, AA6022-T4, and two DP steels, DP 980, and DP 1180. The imposed 
structural effects of the CBT test facilitated stretching of these materials to large strains in order 
to study their post-necking behavior. The comparisons between measured and simulated results 
show that the developed CBT-FEM method can determine the post-necking strain hardening 
behavior of these materials. The results for AA6022-T4 are further compared with those of a 
hydraulic bulge test. The fact that that each of these materials exhibit unique post necking 
hardening behavior, AA6022-T4 exhibits Voce-like behavior [13, 22], while DP steels resemble 
Swift-like behavior [9, 23], demonstrates generality of the CBT-FEM method. It is also shown that 
the method can predict increasing as well as decreasing anisotropic hardening rate in the post-
necking regime. In closing, we discuss the origin of the load magnitude in CBT testing under 
different structural conditions defined by crosshead velocity and bending depth. These insights 
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were facilitated by the comprehensive set of simulations and experiments carried out in the present 
work.  
2. Materials 
The materials studied in this work are 1 mm thick sheets of AA6022-T4 [24, 25], DP 980, and 
DP 1180 [26]. Tables 1a and 1b show their chemical composition. DP 980 is from US Steels’ hot 
dip (HD) processing line, while DP1180 is from their continuous annealing line (CAL). 
Additionally, DP 980 was galvanized (HDGI) coated, while and DP 1180 was bare. Figure 1 shows 
the behavior of the materials in ST. Specimens of DP 980 sheet are tested here along the rolling 
direction (RD) and transverse direction (TD) showing a small plastic anisotropy, while the 
specimens of AA6022-T4 and DP 1180 are tested only along RD and TD, respectively. The data 
for AA6022-T4 and DP 1180 is taken from our earlier works [16, 27]. For steels, the curves 
terminate at strains of a few percent due to necking. The steels exhibit high strength and high 
stiffness but small ductility, while the alloy AA6022-T4 is moderately ductile but much softer. 
The plasticity in ST of the studied specimens is limited by shear localization followed by necking 
and fracture, while the remainder of specimens’ gauge section away from the localized zone is 
deformed uniformly with a substantial amount of remaining ductility. The ST does not exploit this 
remaining ductility due to the localization [28]. The CBT test exploits ductility of the entire gauge 
section. Unlike a majority of the available methods for extracting material behavior at large plastic 
strains, the proposed method based on CBT does not focus on the necking region but considers the 
entire gauge section.  
Table 1a. Chemical composition of alloy AA6022-T4 (wt%). 
Si Fe Cu Mn Mg Cr Zn Ti Tin Al 




Table 1b. Chemical composition of DP steels (wt%). 
 
 C Mn P S Si Cu Ni Cr Mo 
DP 980 0.11 2.411 0.013 0.005 0.013 0.027 0.009 0.255 0.385 
DP 1180 0.168 2.222 0.015 0.0053 1.421 0.021 0.007 0.036 0.013 
 
 Sn Al Zr V Cb Ti B N2 
DP980 0.006 0.049 0.005 0.011 0.004 0.002 0.0001 0.0033 
DP1180 0.007 0.051 0.005 0.012 0.007 0.039 0.0004 0.0086 
 
      
  
Fig. 1. Engineering (dashed lines) and true (solid lines) stress-strain curves for (a) AA6022-T4 
along the rolling direction (RD) and (b) two steels along the transverse direction (TD) for DP 1180 








3. CBT testing 
Universal tensile testing machines furnished with a set of moving rollers have been typically 
used for CBT testing [29, 30]. A specialized CBT machine has been recently presented in [19]. 
This machine is used in the present work (Figure 2). The machine features a moving carriage 
holding a specimen and the axial loading system, a stationary roller assembly mounted on the 
machine base, and a data acquisition and control hardware/software. The carriage reciprocates 
during the CBT test with a velocity of 66 mm/s. The rollers are of 25.4 mm diameter providing a 
bending strain of 0.038 for a sheet of 1 mm if wrapping around is ensured. The bottom rollers are 
54 mm apart, while the top roller is vertically adjustable providing a possibility to set a bending 
depth, δ. The machine has two donut-style Futek load cells, LCF 450 (capacity of 22.24 kN) 
attached to the carriage and LTH 500 (capacity of 22.24 kN) attached to the actuator. The hydraulic 
actuator supplying crosshead (pulling) velocity has a Balluff Micropulse BTL7-A501-M0305-Z-
S32 position sensor with a resolution of 5 μm. The carriage motion is determined by a pair of limit 
switches, one positioned on the grip attached to the hydraulic cylinder and another positioned on 
the base. Limit switches signal the end of the stroke and reversion for the moving carriage.  
Figure 3a shows a drawing of a CBT sample used in the present work for all three materials. 
The deformation regions denote the number of bendings for the sheet during each CBT pass. The 
sheet only undergoes one bending/unbending (1x) per pass near the grips. The sheet is bent/unbent 
three times (3x) in the center of the sample. The gauge length of 200 mm is chosen such that the 
rollers never exit the gauge section of a standard ASTM E8 tensile specimen while producing the 
1x, 2x, and 3x deformation regions. The setup with limit switches facilitates every pass/stroke to 
be longer increasing the 3x deformation region, while keeping the 1x and 2x regions constant. We 
will refer to rollers traversing the entire gauge length and then back again under tension as a CBT 
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cycle. In this work, the testing of DP 980 has been carried out, while the data for AA6022-T4 and 
DP 1180 is taken from our earlier works [16, 27].  These testing results will be presented along 
with the simulation results.  
 
 
Fig. 2. A photograph showing the main components of the CBT testing machine.   
 
4. CBT-FEM method  
The CBT testing described in section 3 is simulated numerically using the nonlinear FEM 
solver in Abaqus. Figure 3b shows the finite element model and mesh. Vertical motion of the top 
roller determines bending depth, while crosshead velocity is directly applied to the sample. These 
boundary conditions are imposed to be consistent with experiments. Additionally, the roller 
velocity profile is taken directly from the experiments and imported into the simulations making 
the experiments and simulations one-to-one. Because of the symmetry, the FE model is reduced 
in half and consists of 9831 C3D8R (continuum 3D eight node reduced integration elements). The 
constitutive law in the simulations is the rate-independent J2 plasticity theory of von Mises. The 
Mises yield surface expands isotropically with a true stress-true strain curve, which is provided as 
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an input into the simulations. This input true stress-true strain curve is iteratively calibrated to large 
plastic strains since the strain levels in CBT go beyond those in ST. As a result, the curve is 
extrapolated, while matching the CBT load-displacement data.  
 
Fig 3. (a) Drawing of a CBT sample with dimensions in [mm]. The same sample dimensions are 
used for samples of AA6022-T4, DP 1180, and DP 980. Also, the initial regions, 1×, 2×, and 3×, 
are indicated. (b) ½ FE model consisting of 9831 C3D8R elements used for the CBT simulations 
in a views tilted at 45°. 
 
5. Results  
Figure 4 shows calculated axial strain (LE11) distribution in a specimen of AA6022-T4 during 
CBT under a bending depth of 2.5 and a crosshead velocity of 1.2 mm/s. As can be seen, a small 
amount of strain is introduced upon lowering of the top roller (Figure 8b). After the simultaneous 
application of pulling, the strain develops relatively uniformly throughout the 3x deformation 
region and accumulates with CBT cycling. The highest level of strain (the hot spot) is between 2x 
and 3x regions, which has been attributed to the geometrical discontinuity between the two regions 





be plotted for every simulation case. Due to their similarity, the maps are shown only for the first 
simulation case (AA6022-T4 under 2.5 normalized bend depth and 1.2 mm/s crosshead speed).   
Table 2 presents the axial strain levels in 3x predicted with the CBT cycles per material. As 
these values are taken from the center of the samples (i.e. the middle of 3x deformation region) 
where the strains are uniform, the hot spot strain levels are slightly higher. The flow stress curve 
per material must be provided to cover the corresponding strain levels. Provided the flow stress 
curves, the load-displacement curves during CBT can be calculated. Figure 5 shows comparisons 
of simulated and measured load-displacement curves during CBT for the three studied materials 
after their adjustment. Load-displacement curves for ST are also shown to recognize the amount 
of enhanced elongation in CBT.  
The structural effects of the CBT testing result with the load-displacement curves exhibiting 
spikes. Each stroke begins with the carriage accelerating to a constant velocity. The constant 
velocity (i.e. the steady state plateau) lasts for the majority of the stroke and then the carriage 
decelerates and stops. The same repeats in every stroke/pass. The spikes in the force profile form 
during the acceleration and deceleration. At the stop, there is no bending. As a result, the sample 
reaches the ST condition raising the force in order to facilitate any plastic flow in ST because the 
pulling does not stop. As the carriage starts moving again, now in the opposite direction the CBT 
continues dropping the force. The height of the spikes is a function of the bending amount, as will 
be evident from more tests and simulations presented in the next section. The slight difference 
between the force values for every other plateau is a consequence of material either moving 
towards (lower plateau force) or away from (higher plateau force) the given load cell recording the 
data. The load levels are governed by the material hardening and changes in the cross-sectional 
area (i.e. width and thickness) of the elongating specimen. Table 3 presents comparisons between 
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measured and predicted sheet width and thickness in the 3x deformation region before testing and 
after the testing for the tests presented in Figure 5. The measurements were performed using a 
micrometer at several locations. Average values are calculated and presented in the table. The table 
shows percent (%) differences in the cross-sectional area between undeformed CBT samples and 
the FE model. The initial FE model setup is the same for all materials and tests. The difference is 
small. Furthermore, the table shows the same quantities after the experimental testing and 
simulations to the same deformation condition per sample. As is evident, the difference per sample 
has only slightly evolved meaning that the simulated and measured cross-sectional areas are in 
excellent agreement. Accordingly, the extracted hardening response for the samples can be 
regarded as accurate.  
In order for the measured and simulated load-displacement to match, the input flow stress curve 
in the FEM simulation must be appropriately adjusted. The adjustment of the flow stress curve is 
in the core of the combined CBT-FEM method for inferring the hardening behavior of sheets at 
high strain levels. First, the CBT measured and FEM simulated force-displacement curves is 
matched up to the maximum equivalent plastic strain using the measured ST curve per material. 
From there, the post-necking hardening curve is adjusted until the entire CBT measured force-
displacement curve is matched with the FEM simulated curve. Upper and lower bounds of the 
hardening curve were established using perfect plasticity for the lower bound, and linear 
extrapolation using the slope at the end of the experimental stress strain curve. These curves are 
presented in the appendix. The results of the simulation show, as expected, perfect plasticity is too 
low of an estimation, and the upper bound is too high of an estimation. 
The output curves for the studied materials are shown in Figure 6. The flow curve for AA6022-
T4 is also compared with the curve measured using the hydraulic bulge test. The bulge test curve 
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is taken from [13]. The alloy tested in [13] is slightly softer so a shifted curve for 22 MPa is also 
plotted. It can be seen that, like the tube expansion test, the CBT-FEM method also provides a 
faster decreasing hardening rate in the post-necking regime than the bulge test. Importantly, the 
CBT-FEM method facilitates flow stress extrapolation along any tested sample direction, which 
means that it can characterize anisotropy at high strain levels. The results for DP 980 are presented 
for RD and TD sample directions. In a reasonable agreement with our extrapolation for DP steels, 






Fig. 4. LE11 contour maps developed during the CBT test simulated in Abaqus: (a) before roller 
engagement, (b) after roller engagement, before tension, (c) after 2 CBT cycles, (d) after 4 CBT 











Table 2. LE11 accumulated with the CBT cycles from the simulations in Fig. 5. These values are 
taken from the central region of specimens i.e. the middle of the 3x region, where the strains are 
approximately uniform. The last (italic) value per material is a strain at fracture, which occurred 





1 2 3 4 5 6 7 8 9 10 11 12 
AA602
2-T4 
0.043 0.082 0.119 0.157 0.195 0.234 0.272 0.311 0.32    
DP 980 
(RD) 
0.035 0.084 0.128 0.175 0.228 0.27 0.315 0.37 0.407 0.454 0.498 0.541 
DP 980 
(TD) 
0.034 0.084 0.139 0.181 0.229 0.275 0.32 0.369 0.419    
DP 
1180 










Fig. 5. Comparison of simulated and measured force-displacement curves during CBT with 
parameters indicated in the legends for (a) AA6022-T4 along RD, (b) DP 980 along RD, (c) DP 
980 along TD, and (d) DP 1180 along TD. Force-displacement curves for simple tension are 






Table 3. Initial and final (after CBT) cross-sectional geometry for samples presented in Fig. 5 to 
facilitate the comparison between measurements and simulations. The initial width and thickness 
of the strip used in all simulations was 11.75 mm and 1 mm, respectively. ‘% difference in area’ 
is the % difference between measured and simulated areas.  
 
Specimen 









































Fig. 6. True stress-strain curves extrapolated from those presented in Fig. 1 to facilitate simulating 
the load-displacement curves under CBT in Fig. 4. Bulge test experimental data is taken from [13].  
 
6. Discussion 
This work presents a systematic methodology based on a combination of experiments and FEM 
analysis to extract the material response at large plastic strains. Such methodology is needed 
because many sheet metal forming operations achieve high levels of plastic strain. To simulate 
those operations, the material behavior at the required high strain levels must be known. The 
proposed methodology is referred to as the CBT-FEM method and involves simulating a CBT test 
using the FEM, while the material response is iteratively adjusted until the calculated and measured 
force-displacement match. The extrapolated true stress-true strain curves are obtained for three 
materials. The curve for AA6022-T4 is compared with the bulge test data. Furthermore, the 
obtained curves are used to simulate additional CBT tests for verification. These verification tests 
involved a different combination of bend depth and pulling speed, which influence the force 
magnitudes. The predictions are shown in Fig. 7. With lowering the bend depth, the mechanical 
fields become closer to ST. Reducing the speed, lowers the force, which will be rationalized 
shortly. Nevertheless, the simulated load-displacement curves are in excellent agreement with 
measured curves even under these modified CBT structural conditions. These predictions imply 
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that the CBT-FEM method can be used to extract post-necking material behavior. Significantly, 
the CBT-FEM method can facilitate determining the evolution of anisotropy to large plastic strains 
because it can be applied in any sample direction. Table 4 shows a comparison between measured 
and simulated cross-sectional geometry for the cases presented in Fig. 7. 
Although the proposed method involves iterative FEM simulations, it does not require 
controlling the location of the diffuse neck by introducing a notch or a specialized mesh design. 
Thus, the iterative methodology for inferring a flow curve using the CBT-FEM method is relatively 
fast. The accuracy of the method can potentially be improved by involving advanced yield 
functions [32, 33] or crystal plasticity constitutive descriptions [34, 35] to more accurately simulate 
the test. Simultaneously, the CBT-FEM method can facilitate calibrating the evolution of 
anisotropy to large plastic strains for advanced plasticity models and crystal plasticity frameworks. 










Fig. 7. Comparison of simulated and measured force-displacement curves during CBT with 
parameters indicated in the legends used for verification of the extrapolated true stress-true strain 







Table 4. Initial and final (after CBT) cross-sectional geometry for samples presented in Fig. 7 to 
facilitate the comparison between measurements and simulations. The initial width and thickness 
of the strip used in all simulations was 11.75 mm and 1 mm, respectively. ‘% difference in area’ 
is the % difference between measured and simulated areas.  
 
Specimen 






































11.56 1.048 12.114 0.030 10.23 0.825 8.444 9.99 0.840 8.391 0.006 
 
In the remainder of the discussion section, we describe the origin of the load magnitude 
variations observed as a function of the CBT structural conditions. The simulations performed 
under three different CBT conditions allow us to discuss these effects on load levels. The 
combination of a bending stress with a tensile force in a CBT setup leads to a non-symmetric stress 
profile of tension/compression, with the neutral axis cyclically shifting towards the surface of the 
roller over which the sheet is passing. The addition of bending tension to the tensile load means 
that a lower force is required to reach the plastic flow stress of the material on the outward edge 
of the strip (relative to a roller). Hence the load/extension curve is significantly lower than a simple 
tensile test. Indeed, CBT processing is conducted at a uniaxial stress level below the yield stress 
of the material. In addition to the influence of bending, the Bauschinger effect is present due to the 
reverse loading as a point of the strip moves from bending in tension (with, e.g., a roller above it) 
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to bending in compression (with, e.g., a roller below) in a cyclic fashion. This also serves to reduce 
the required load for plastic deformation. 
The load-displacement curves presented in this work have been obtained under three different 
combinations of the CBT parameters, the crosshead pulling velocity and bending depth. As already 
explained, the material bent more with a higher bending depth requires a lower force for the 
elongation. At lower crosshead velocity the number of bending/unbending operations to obtain a 
certain elongation is higher, while the observed force is lower. Thus, the deforming cross-sectional 
stress profile of tension/compression spanning over the gauge section of the specimen is more 




, as will be explained shortly. Certainly, the lower crosshead velocity produces a 
lower strain increment per pass/stroke at the given bending depth resulting in a lower pulling force. 
In contrast, at very high crosshead velocities, the number of bending/unbending operations is just 
a few. At these velocities the test is approaching ST, while the recorded force is only slightly lower 
than when tested without rolls. At very high pulling velocities, the test is no longer a CBT test 
because the elongation might not be happening only within the zone of bending.  
As the portion of the strip/sheet being bent only deforms implies that only the material visited 
by the rolls elongates defining the gauge length of the CBT specimen. As a result, the average 
strain increment per stroke/pass, ∆𝜀, is the ratio between the elongation of the specimen as a 
consequence of the hydraulic cylinder (or crosshead) tension and the gauge length that carriage (or 
roller) delineates. Thus, the strain increment can be estimated based on the hydraulic cylinder 




. Since the carriage accelerates and decelerates during a portion of the stroke, the 
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estimate is regarded as the lower bound. Furthermore, since there are three rollers and six 
bending/unbending operations, the strain increment in each bending operation is approximately 
∆𝜀
6
.   
When a strip is pulled over a radius under high tension it is safe to assume that the bending 
radius of the strip is more or less equal to the die radius. However, in the CBT test that is not the 
case. The pulling force can be quite low, meaning that it is not safe to assume that the strip is pulled 
tight against the rolls. The numerical modeling carried out in the present work further reveals the 
evolution of the strain distributions through the thickness of the specimen. In particular, it can 
evaluate the accuracy of the strain increment estimated using ∆𝜀 =
𝑣𝐶𝐻
𝑣𝑅
. Fig. 8 presents a segment 
of axial strain (LE11) evolution at three interrogation points located at the top, middle, and bottom 
surfaces at the center and mid-width of the CBT specimens during the three CBT process 
simulations of steel DP 980. The strain accumulates in a staircase fashion, with a pattern of three 
spikes occurring every time the three rollers pass through the interrogation points at the center of 
the specimen. Outside of that, the strain remains relatively constant, verifying that the dominant 
mode of deformation in CBT is the superposition of bending on tension. Identified with symbols 
are specific instances, which correspond to the position of the cylinder crosshead at the beginning 
and the end of the contact by the rollers. 
The increment in strain based on the pulling velocity of 1.13 mm/s is 0.01712, while that based 
on the pulling velocity of 1.42 mm/s is 0.0215. These estimates are in good agreement with the 
FEM predictions shown in Fig. 8. These strains are smaller than the bending strain of the 
experimental set-up (i.e., for 1 mm-thick specimen and 25.4 mm dia. rollers, the nominal bending 






= 0.038, where t is the material thickness, D is the diameter of the 
roller, and R is the banding radius at the center of the strip. The lower strain per CBT conditions 
is a consequence of insufficient wrapping of the strip around the rollers. Not perfect wrapping 
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during the CBT process and the consequent increasing of the bending radius increases the tensile 
force. The insufficient wrapping indicates that the specimen “rides over” the leading roller, trying 
to accommodate the enforced change in direction by minimal deformation (bending over a large 
region, i.e., with small curvature, certainly much smaller than the inverse of the roller radius). 
However, the specimen is forced to wrap better around the center roller, which imparts a relatively 
large increase in both stretching and bending. Finally, the specimen is also riding over the trailing 
roller inducing a smaller strain than at the center roller. Increasing the crosshead velocity relative 
to the roller one could result in better wrapping of the specimen around the rollers, especially the 
leading one. The same of course could be accomplished by increasing the (normalized) bending 
depth, 𝛿/𝑡, which is illustrated in Fig. 9. As the roller depth is increased this radius of bending 
becomes smaller until it reaches a critical value where the bending radius at the center of the strip 
is equal to 1/R. This is shown in Fig. 9a, where the nodal coordinates of the FE model at the center 
of the specimen were output at different levels of bending. A fourth order polynomial is fit to the 
nodes directly underneath the center roller and two derivatives are taken to calculate the curvature 
of the specimen. The maximum curvature is directly responsible for the amount of bending strain 
and stress present in the material and with more bending, the required tensile force is lower. With 
1 mm sheets it is predicted that our experimental setup would achieve near perfect wrapping at a 
bend depth of approximately 6 mm (Fig. 9b). The diagram can be used to estimate the portion of 
∆𝑒𝑏, given the bending depth. The value is half the curvature i.e. 2∆𝜀𝑏 =
1
𝑅
. The remaining strain 
in an increment ∆𝜀 is due to tension. The analysis confirms that if there is more bending strain in 
a given deformation increment, the tensile force responsible for creating the remaining (tensile) 




Fig. 8. Segment of axial strain (LE11) evolution at the top, middle, and bottom locations at the 
center of the 3x deformation region along the length and mid-width of the CBT specimens during 
the three CBT process simulations of steel DP 980. The symbols denote the beginning and the end 
of the bending operations. 
 
 
Fig. 9. Sample curvatures resulting from bending to certain depths and maximum curvatures (i.e. 
1
𝑅
) of the sample at the thickness midpoint as a function of bending depth. The theoretical maximum 





In this paper, we have presented a systematic methodology based on a combination of CBT 
material testing and FEM simulations of the same test to extract the response of sheet metals at 
large plastic strains. The method involves performing a CBT test on a custom built machine during 
which the force vs displacement response is recorded. The sheet is stretched to large plastic strains 
by CBT circumventing any diffuse necking of the sample. The CBT test is then simulated using 
the FEM, while the material flow stress response is iteratively extrapolated until the measured and 
calculated force vs displacement responses match. The method is used to successfully identify the 
post-necking hardening behavior of an aluminum alloy, AA6022-T4, and two DP steels, DP 980 
and DP 1180. One measured load-displacement curve per material is used for the identification of 
a flow stress curve, and then the flow stress curve is used to predict two additional measured load-
displacement curves per material for verification. Good predictions testify that the CBT-FEM 
method can be used for inferring hardening curves at high strain levels for sheet metals. Moreover, 
the predictions under different crosshead velocity and bending depth from those used for the 
identification of the flow curve demonstrate that the extrapolated material behavior is independent 
on CBT test conditions. It is also shown that the method can predict increasing as well as 














Fig. A1. Optimization stress strain curves with lower bound of perfect plasticity and upper bound 
following the final slope of experimental stress strain (a) AA-6022-T4 optimization stress strain 
curves (b) AA-6022-T4 simulation results of upper and lower bound (c) DP 980 (TD) optimization 
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SUMMARY AND FUTURE WORK 
 In conclusion, there is a set of bending and pull speed parameters that create a maximum 
elongation to fracture with CBT processing. Using subsequent testing and microscopy, the 
macroscopic and microscopic effects of CBT through several cycles can be quantified. Last, it is 
shown that simulations of CBT compared to experimental data can be used to extrapolated post 
necking behavior of DP 980 and DP 1180. Through this research several other projects have been 
proposed. One of the more important projects would be finding a way to make the CBT process 
applicable for the automotive industry. By processing sheets instead of strips using CBT 
interrupted tests can be run, then the sheets can be annealed to produce a stronger, thinner, more 
formable sheet. The other project is to explore further the role of sheet thickness with CBT. It is 
unclear why thickness has an effect, but it is shown by the CBT testing to fracture of DP 780 that 






Fig. A1. CBT specimen geometry (mm) 
 
Fig. A2. Interrupted subsize ASTM E8 specimen geometry (mm) 
